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Abstract
The Sensor Insertion System (SIS) located at the US Army Corps Field Research 
Facility (FRF) in Duck, NC, allows closely spaced measurements of along-shore velocity 
and suspended sediment concentration to be collected across the entire surf zone during 
storms. The SIS infers suspended sand concentration from backscatter off of suspended 
material using optical backscatter (OBS) sensors. Unfortunately, OBS response is highly 
sensitive to grain size, including both differences between sand and mud and variations in 
size within the sand range. As part of this study, ground-truthing measurements were 
added to the SIS during a storm in October 1997, including measurements of suspended 
sand concentration via pump sampling, by laser in situ scattering and transmissometery 
(LISST) and by acoustic backscatter (ABS). The major objectives of this study were to use 
the resulting data to address the OBS's sensitivity to grain size and suggest corrective 
measures.
The first objective was to test the "cutoff" method for the removal of background 
turbidity due to fine sediment. The study found the cutoff value, defined by some lowest 
percentile of the OBS response during a given burst, to be proportional to the pumped 
concentration of suspended particles smaller than 63 microns in diameter. The best choice 
of cutoff value (1% to 5%) was relatively insensitive to the precise cutoff percentage, 
indicating the 5% cutoff value currently used by the FRF works well. Addressing the 
second objective, OBS response after the removal of fines was found to be consistent with 
pumped sand concentration as long as corrections were made for (i) the varying size of 
suspended sand, (ii) the precise time of pump sampling and (iii) for apparent noise in the 
OBS records. Correction for the smaller size of suspended sand (average size 120 
microns) relative to that used during calibration (average size 230 microns) decreased OBS 
estimates of sand concentration by about 42%. Accounting for noise decreased OBS 
estimates of sand concentration by as much as 80%. Addressing the third objective, LISST 
and ABS measurements of suspended sand were compared with standard laboratory rapid 
sand analysis (RSA). Burst-Averaged D50 sand grain size estimated with the LISST was
found to have a reasonable correlation with RSA D50 sand grain size estimations. 
Suspended sand concentrations estimated by the LISST, by the ABS 2.5 MHz transponder 
and by weighing of pumped samples agreed well.
The fourth objective was development of a model for determining sand size from 
OBS and current meters without relying on ABS, LISST or pump sampling. According 
to established theory, the ratio of the sand settling velocity (w) to the hydrodynamic shear 
velocity (u*) can be estimated from the slope of a log-log plot of the burst-averaged 
concentration profile versus height above the bed. Independent estimation of u* should 
then give w from the OBS profile and therefore the suspended sand grain size. This 
relationship was modified for application to OBS data by accounting for (i) a normal 
distribution of sand grain size and (ii) the OBS's inverse sensitivity to grain size. 
Theoretical models for u* due to waves and currents were then applied but did not 
adequately predict the measured sand grain size. A best-fit u* was derived from the 
observed OBS profiles by combining the observed ratio of w/u* with the directly measured 
grain size. The best-fit u* was then plotted against current velocity (uc) and showed a 
change in behavior of u* for uc > 63 cm/sec. Two multiple regressions were performed 
between the best-fit u* and various parameters routinely measured by the FRF. The first 
regression, for stations with uc > 63 cm/sec, found uc, water depth and wave height to 
be significant predictors of u*. For uc < 63 cm/sec, wave orbital velocity, current 
velocity and bottom roughness were significant. Finally, addressing the last objective, a 
step-by-step method to correct OBS records for estimating sand concentration was 
presented which included (1) removal of the effects of background turbidity, (2) removal 
of instrument noise, (3) estimation of sand size from the shape of the OBS profile, and (4) 
adjustment of measured OBS concentration based on the estimated sand grain size.
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1. Introduction
1.1. Motivation
At this point the scientific and engineering communities still do not have the ability 
to adequately predict the expected rate of along-shore sand transport based on physical “first 
principles” (e.g. Russell, 1993; Wright, 1995; Katopodi et al., 1999). Practical prediction 
of along-shore transport requires empirically-based engineering-oriented formulae for along­
shore transport. These formulae are critically dependent on field data for their formulation 
and calibration. Until recently, direct field observations of suspended sand transport in the 
surf zone have been too few and too localized to adequately predict net along-shore sediment 
transport with statistical confidence, especially during storms when the majority of sand 
transport is presumed to occur.
The Sensor Insertion System (SIS) located at the US Army Corps of Engineers Field 
Research Facility (FRF) in Duck, NC, provides a major step forward in the accuracy, 
duration, and variety of conditions over which scientists and engineers can now integrate 
direct measurements of along-shore currents and sediment concentration in the near shore 
(Miller, 1998, 1999). For the first time, a logistically simple and cost efficient method exists 
to make closely spaced measurements of along-shore velocity and turbidity across the entire 
surf zone throughout the duration of a series of major storms. These measurements, unique 
in that the location is well understood, begin to provide the quantity and quality of data 
necessary to establish reliable, field tested predictions of along-shore transport of sand. A 
major ground-truthing measurement, however, has been missing from the SIS, namely direct 
measurements of suspended sand concentration via pump sampling.
The SIS interprets suspended sand concentration from backscatter off of suspended 
material using optical backscatter sensors (OBS). Material that is not very important to total 
along-shore sand transport, such as mud and organic matter, unfortunately tends to scatter 
light particulary well (e.g., Conner and De Visser, 1992; Green and Boon, 1993). If one 
were to assume, for example, that the OBS levels measured by the SIS were a direct function
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of only a single grain size of sand, then under many conditions, SIS measurements of 
concentration times along-shore velocity would predict that more sand transport occurs in 
the upper part of the water column than in the lower part of the water column closer to the 
bed (H.C. Miller, pers. comm.). This clearly is not the case.
Presently, OBS estimates of suspended sand concentration collected from the SIS 
require first subtracting out a reasonable background turbidity. The background turbidity is 
based on the OBS response to the water between intermittent suspension events when 
suspended sand concentration is presumed to be negligible (Miller, 1997). Although this 
“cutoff’ method appears to work well, the critical background turbidity level is based more 
on common sense than quantitative measurement. In addition, various size distributions of 
suspended sand (which may occur at different locations and times across the surf zone under 
varying wave conditions) may also impact the translation of OBS measurements into 
sediment concentration. A major aim of this investigation is to use direct pumping of water 
samples with fines and sand from the nearshore during storms to test the OBS cutoff method 
for measuring the concentration of suspended fines relative to sand. Second, this study aims 
to investigate the sensitivity of the remaining OBS sand signal to variations in sand size 
during storms. To do so, grain size analyses of pumped sand determined by a laboratory 
settling tube are compared to measurements of grain size determined by laser diffraction and 
acoustic backscatter. Finally, field measurements of waves and currents are combined with 
time-series of suspended sand size during a storm to develop a method to infer sand grain 
size based on the shape of observed profiles of optical backscatter.
1.2. Objectives
The specific objectives of this study are to:
1. Use direct pumping to test the “cutoff’ method presently used to distinguish the 
contribution of sand versus fines to the total signal measured by OBS sensors under waves.
2. Use direct pumping to examine the impact of grain size variation within the sand
2
size range (and other potential sources of error) on OBS measurements under waves.
3. Test for consistency among direct pumping, LISST, and ABS in terms of 
suspended sand concentration and median sand size measured under waves.
4. Investigate potential methods to infer suspended sand grain size under waves 
based on a combination of velocity and OBS measurements utilizing the shape of the vertical 
profile of the OBS signal.
5. Recommend a practical method to correct OBS observations under waves for 
variable grain size without the need for other real time measures of sediment properties.
1.3. Experiment Site
Figure 1.1 Sensor Insertion System (SIS) located at US Army Corps 
Field Research Facility in Duck, NC
In October 1997, a group of scientists and graduate students affiliated with the
3
Virginia Institute of Marine Science (VIMS) collected and analyzed pumped samples of 
suspended sediment across the nearshore in support of the SIS. The SIS (Figure 1.1) is a 
track mounted crane with instrumentation mounted on the lower boom (Miller, 1999). By 
repeatedly moving the SIS along the length of the FRF pier, closely spaced measurements 
of along-shore velocity and sediment concentration can be collected across the entire surf 
zone throughout the duration of a major storm. The pump sampling field experiment was a 
component of a larger experiment entitled “Sediment Transport Rates During Storms” run 
by the “Storm Team” led by Carl Miller and Don Resio of the U.S. Army Corps of Engineers 
Waterways Experiment Station (USACE/WES). The Storm Team utilized the SIS to collect 
detailed measurements of water velocity and suspended sediment concentration at different 
levels in the water column needed to calibrate and validate commonly applied formulations 
for the along-shore transport of sand (Miller, 1998).
“Sediment Transport Rates During Storms” was, in turn, a component of a much 
larger field experiment entitled “SandyDuck 97”. SandyDuck 97 was sponsored by the U.S. 
Army Corps of Engineers, the Office of Naval Research, and the U.S. Geological Survey and 
was centered at USACE/WES’s Field Research Facility in Duck, NC. The primary 
measurement period began 22 September and ran until 31 October 1997. Participants were 
national and international and represented 18 universities, six government entities, and two 
private companies. Sandy Duck's general research objective was to advance the fundamental 
knowledge of how natural forces (water, wind, and sand) cause beaches to change. (FRF, 
1997)
The FRF is located approximately halfway along Currituck Spit, a 100 km stretch of 
barred shoreline, extending south from Rudee Inlet, Virginia to Oregon Inlet, North Carolina. 
The beach faces the open North Atlantic Ocean, is oriented NNW-SSE and is exposed to 
extra-tropical (northeasters) and tropical (hurricanes) cyclones (Beach and Sternberg, 1996). 
Beach grain sizes are bi-modally distributed with a primary component of 0.25 mm and a 
secondary component of approximately 1.0 mm. Sands in the bar/trough region of the 
typically two barred nearshore profile are unimodal with a median grain size of 0.17 mm.
4
The mean grain size of the well-sorted sands seaward of the offshore bar is 0.12 mm. (Miller, 
1999)
The incident significant wave heights during the SandyDuck 97 experiment varied 
from calm (<0.5 m) to a peak of just over 3.5 m (FRF, 1999). The peak occurred between 
October 18 and 22, 1997 during an extra tropical northeaster (Beavers, 1999).
2. Background
In this section, background is presented on the four methods applied in this project 
for sampling suspended sediment properties, namely direct pump sampling, optical 
backscatter, laser scattering / transmissometry, and acoustic backscatter. A summary of the 
advantages and disadvantages of these four methods is given in Table 2.1.
2.1 Direct Sampling
Direct sampling using a submersible pump is a traditional method for determining 
suspended sediment concentration and size distribution. A sediment-laden water sample is 
pumped to the surface and collected in a container over a sufficient period of time to give a 
representative suspended sediment concentration at the depth of the pump inlet. The major 
advantages of pump sampling are that it is conceptually simple in principle and one 
physically collects the material of interest. Furthermore, if pump sampling is done carefully 
to ensure a representative sample of the suspended material, the results do not require 
calibration and can be used to calibrate and otherwise ground truth other remotely sensed 
measurements of concentration. Major limitations of this method include its inherently 
intrusive nature and the fact that it is labor intensive. Any flocculents present are likely to 
be altered by the direct sampling method, since pumping unavoidably changes the ambient 
shear stress away from natural conditions (Gibbs, 1981). Another disadvantage of pumping 
is its discrete nature in time. Each pump sample is a single number which represents the 
average concentration over the time it takes to collect the sample. Time series from other
5
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instrumentation allow for continuous monitoring with resolution of variability at time scales 
both shorter and larger than that reasonably possible via pump sampling.
Inlet design and pumping velocity are two factors that must be considered to insure 
pumps collect a representative sample. Based on flume experiments, Bosman et al. (1987) 
determined that a downward looking inlet resulted in the best pumping efficiency as long as 
the intake velocity was at least three times the ambient velocity. Velocities less than this 
tended to under sample concentration because the inertia of suspended sand grains otherwise 
caused a significant fraction of the sediment to bypass the pump intake. They found that 
inlets facing into the current overestimated concentration, whereas inlets facing away from 
the current underestimated concentration. Bosman et al. (1987) also performed a study in the 
surf zone with pump inlets facing downwards, parallel and normal to the longshore current.
Figure 2.1 Backscattered light from particles within 
the OBS sample volume is converted into suspended 
sediment concentration (from D&A.1991)
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Currents in the surf zone are inherently three dimensional, with waves moving seaward and 
landward superimposed on top of the long-shore current. In the surf-zone experiment they 
found results from all the inlets to be highly variable with no significant difference in mean 
concentration based on inlet orientation.
Black and Rosenberg (1994) used OBSs inside and outside the surf zone to determine 
the “true” suspended sediment concentration of samples collected through down-ward 
pointing pump inlets. Outside the surf zone, the OBS and pumped concentrations agreed 
well. Inside the surf zone the pump appeared to over-sample the concentration by an average 
factor of 1.5 after correcting the OBS response for grain size. The authors suggest a 
downward facing inlet may over sample concentration in the surf-zone because the mean 
sampling elevation of the pump may be lower in the water column than the actual height of 
the pump inlet. With the OBS and inlet at the same level, the flow pattern induced by the 
pump may mostly draw water from below the height of the OBS. Since the concentration 
gradient generally increases toward the bed, this effect should become more pronounced the 
closer the inlet is to the bed. It appears that the best approach, based on the results of the 
work by both Bosman et al. (1987) and Black and Rosenburg(1994), may be to pump at high 
velocity through several inlets simultaneously which are oriented horizontally at very 
different angles with respect to the current.
2.2 Optical Backscatter Sensors
Optical backscatter sensors have the advantages of being relatively inexpensive, 
rugged, relatively unobtrusive (compared to pumping), and easy to install and operate. Their 
short sampling path length makes them relatively insensitive to bubble entrainment (D&A, 
1991) which is a major consideration when measuring sediment concentration in the surf 
zone. The advantages of OBSs have led to their wide use in various aquatic applications 
involving suspended material in locations such as harbors, channels, inlets, estuaries, rivers 
and shallow marine environments (e.g., Sternberg et al., 1991; Davidson et al., 1993;
(a) Sand
0 100 microns
(b) Silt
0 100 microns
Figure 2.2 OBS response is proportional to surface area; So silt gives 
higher response than the same concentration of sand. Flat surfaces used in 
this example to better illustrate the differences in surface area.
Aagaard and Greenwood, 1994; Cacchione et al., 1995; Hanes and Dompe, 1995; Kineke and 
Sternberg, 1995). A potential limitation of the OBS, however, is its sensitivity to suspended 
particle grain size (e.g., Conner and De Visser, 1992; Green and Boon, 1993). This 
limitation can be particularly troublesome when inferring suspended sand concentration in 
the presence of comparable quantities of suspended silt, clay and/or fine organic matter. This 
sensitivity results from the manner in which OBSs infer concentration. The OBS, 
manufactured by D&A, consists of a high intensity infrared emitting diode that illuminates 
a small volume of turbid water immediately in front of the sensor face (figure 2.1). The OBS 
then converts into a voltage the amount of light scattered back by the particles in 
suspension to the detector that consists of four photodiodes. (Downing et al., 1981; D&A, 
1991). The resulting voltage is proportional to the total reflected light, which, in turn, is
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proportional to the total surface area of the particles which are illuminated (Lynch et al., 
1994), assuming concentrations are sufficiently low such that grain shielding and multiple 
scattering do not affect sensor response (Kineke and Sternberg, 1992). If the size distribution 
of the suspension remains constant, the total surface area is proportional to the suspended 
sediment concentration. The particle size distribution, however, does not generally remain 
constant in time or space.
Figure (2.2) illustrates how the same concentration of sediment will give two very 
different OBS responses depending on the grain size of the suspended particles. In Figure 
2.2(a), imagine one “sand” particle with a diameter of 100 microns (=0.01 cm) is present in 
a hypothetical drop of water with a diameter of ~1 mm (=10'6 liters). The concentration of 
the sand is then ~(0.01 cm)3 x 2.6 g/cm3 / (10"6 liters) = 2.6 grams/liter. The surface area of 
the sand illuminated by an OBS is given by the grain’s diameter squared: ~(0.01 cm)2 = 10'4 
cm2 = 0.01 mm2. In figure 2.2(b), imagine 8 “silt” particles, each having a diameter of 50 
microns, are present in a 1 mm sized drop of water, which gives the same suspended 
sediment concentration : ~8 x (0.005 cm)3 x 2.6 g/cm3 / (10'6 liters) = 2.6 grams/liter. But 
the total surface area of the silt illuminated by the OBS is now ~8 x (0.005 cm)2 =2 x 10'4 
cm2 = 0.02 mm2. Thus the OBS response to the silt is two times greater than it was for the 
same concentration of sand, even though the two mass concentrations are the same. If it 
were finer silt with a diameter of 10 microns, the OBS response would be ten times greater; 
if it were clay with a diameter of 2 microns, the OBS response would be 50 times greater. 
Similar arguments also hold for variations of grain size within the sand size range alone.
2.3 Laser In-Situ Scattering Transmissometer
The major advantage of the Laser In-Situ Scattering Transmissometer (LISST) 
instrument is its ability to measure time series of suspended sediment grain size distribution 
(5 to 500 micron). Furthermore, one calibration factor holds over all grain sizes within the 
LISST’s sampling range (LISST, 1997; Traykovski, 1999) whereas optical and acoustic
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backscatter instruments must use a different calibration for each grain size distribution (see 
Sections 2.2 and 2.4). The LISST calibration, factor, however is sensitive to the index of 
refraction of the suspended particles (LISST, 1997). A disadvantage of the LISST 
instrument is its large size (82 x 13.5 cm), which causes a significant flow obstruction if 
mounted in-situ. Another disadvantage is the design of the LISST laser mount, which is 
sensitive to bumps that can easily throw it out of alignment. The high energy regime of the 
surf zone could easily provide bumps of that magnitude. (The laser mount design on newer 
LISST models are much less likely to be thrown out of alignment if bumped (C. Pottsmith 
of Sequoia Scientific, pers. comm.)). The LISST is a commercial product, which helps make 
it easier to operate than the less commercially developed acoustic backscatter sensor. The 
LISST, however, is still expensive and more difficult to operate than the OBS.
The LISST consists of a diode laser operating at 670 nm which is collimated to form 
a parallel beam of light (see figure 2.3) (Agrawal, 1994; LISST 1997, 1999). The beam 
passes through a 5 cm sample cell of water where suspended particles produce scattering. 
The scattered light is sensed by a set of thirty-two logarithmically spaced silicon ring 
detectors which are located in the focal plane of the laser receiving lens. Behind a hole in
5 cm path length
Laser
Photodiode
Figure 2.3 Collimated laser beam over sample volume. Forward
scattering of the beam by the particles is detected by the Ring-detector. 
Any un-scattered light is detected by the photodiode. (From LISST, 1999)
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the center of the detector is an optical transmission sensor which senses the radiance of the 
laser beam not scattered by the particles over the 5 cm path length. Each ring measures the 
forward scattered light energy over a small range of angles. The measured energy 
distribution across the rings for each particle size is a unique curve which peaks in the range 
of angles corresponding to that particle size. The more particles of that size present, the 
greater the curve’s energy. When there are many particle sizes present in varying amounts, 
the energy distribution is the weighted sum of all the curves. A time series of scans of the 
measured energy distribution across the rings is recorded (Agrawal, 1994; LISST, 1997, 
1999). After the data collection is completed, an inverse formulation is used to solve for the 
size distribution. The inverse problem based on Mie theory (Agrawal and Pottsmith, 1993) 
is described in detail by Traykovski et al. (1999) and was found to give results consistent 
with the LISST processing software provided by Sequoia Scientific in Seattle, Washington 
(manufacturers of the LISST).
Traykovski et al. (1999) performed several experiments with natural sediments in the 
laboratory to compare LISST results to traditional sieving, filtering and weighing techniques. 
For sediment with a unimodal particle size distribution, Traykovski et al. (1999) found the 
LISST was able to correctly identify the peak. For a sediment with a bimodal distribution, 
the LISST was able to resolve the two peaks if they were separated by at least 1 (p ((p = - 
log2D) where D is the sediment diameter in millimeters, mm) for sediment sizes of 5 to 250 
pm. They also found the LISST was able to adequately determine the particle volumetric 
size distribution of two different natural sediments. The LISST was unable to resolve the 
two largest size classes of 250 - 355 pm and 355 - 500 pm and predicted the peak of both 
these size classes in the largest size class of 500 pm, possibly because the detector rings 
cannot resolve the small angular differences associated with scattering from the larger 
particles (Traykovski et al., 1999). Fine sediment smaller than the smallest size class (<5 pm) 
is predicted by the instrument to be in the smallest size class (LISST, 1997). Particles larger 
than 500 pm also increase the volume concentration estimated by the instrument (LISST, 
1997).
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Figure 2.4 The acoustic beam from an ABS transceiver, showing near
and farfield and the scattering from a particle on the axis of the beam. 
(From Thorne et al., 1991)
2.4 Acoustic Backscatter Sensor
A single OBS is small enough to be relatively non-intrusive, but the cluster of OBSs 
needed to match the 1 cm vertical resolution over 1 meter provided by a single acoustic 
backscatter sensor (ABS) would definitely obstruct flow. An ABS measures suspended 
sediment concentration through “echo sounding”. A transducer emits a very short pulse (~10 
ps) at high frequency (~l-5 MHz), and the acoustic energy is scattered off the suspended 
sediment back to the transducer (Thorne et al., 1991). The concentration and size of the 
suspended sediment is related to the magnitude of the backscattered signal, and the range of 
the sediment is related to the time delay between transmission and reception of the 
backscattered signal by the transducer. A disadvantage of the ABS is that its relatively long 
signal path length makes the signal highly susceptible to adsorption and scattering by air 
bubbles. The ABS is also relatively expensive and difficult to operate compared to the OBS.
Thorne et al. (1991) show that the suspended sediment concentration (MA) using a 
single frequency transceiver at range (r) is determined using the formula:
MA(r) =( <Pb> r / ko )2 (x c)'1 exp{ 4^0* + a, )} (3.1)
where <Pb> is the ensemble-averaged root mean square voltage signal from the transceiver,
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k0 is the system response determined from the acoustic backscatter strength of suspended 
sediment of known concentration and size at one range, x is the pulse length, c is the speed 
of sound in water, aw is the attenuation of sound in water, and as is the sound attenuation due 
to the presence of sediment in the acoustic beam. The formula for as is strongly dependent 
on concentration, range from the transceiver, compressibility and density of the suspension 
and the equivalent sphere radius for the sediment particles (Thorne et al., 1991). The above 
solution applies only to the “far-field”, where the transceiver acts as a directional source of 
the acoustic beam with spherical spreading. In this study the transceivers are far enough 
from the seabed that the ranges we will be working with will all be in the far-field (see 
Figure 2.4).
Using k0 as the calibration factor of a single-frequency acoustic backscatter sensor 
incorrectly assumes the size distribution of the sediments in suspension at all heights and at 
all times are the same as the calibration size distribution (Thorne et al., 1991; Hay and 
Sheng, 1992). Using natural sediment from the site will minimize the uncertainty of 
determining k0, but changes in the size distribution with height above the seabed during 
resuspension by waves and currents increases the uncertainty (Thome et al., 1991). Hay and 
Sheng (1992) used an algorithm for inversion of multifrequency (two or more transducers 
collecting simultaneously) acoustic backscatter data to particle size and concentration based 
on the ratios of the signal amplitude at each frequency. This is possible because the 
amplitude of backscattered sound for each frequency is uniquely dependent on the size of the 
sediment present (Flammer, 1962; Young et al., 1982). Crawford and Hay (1993) and 
Thosteson and Hanes (1998) improved techniques for inverting the observed amplitude ratios 
to particle size and concentration. Thostenson and Hanes (1998) found less than 20% error 
in laboratory tests in determining both concentration and size over a range of almost 1 meter. 
Based on field experiments, Thome et al. (1993) found a “reasonable agreement between the 
acoustic and pumped sample measurements for close to 3 orders of magnitude change in 
concentration”.
While both OBS and ABS response are a function of grain size, the OBS is more 
sensitive to finer grain sizes, whereas the ABS is more sensitive to larger grain sizes
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(Osbome et al., 1994). Purely acoustic devices can only resolve particle sizes larger than 25 
microns because of the limitation imposed by the maximum acoustic frequency (5-10 MHz) 
that can be used in water (Lynch et al., 1994). Osbome et al. (1994) performed co-located 
field measurements of near-bed suspended sand concentrations using an OBS array and a 
single frequency ABS in order to assess the ability of such instruments to replicate sand 
concentration fluctuations over a range of time scales. Concentrations averaged over several 
minutes agreed within ± 10%. Agreement between the instruments decreased as the 
averaging time decreased. Lynch et al. (1994) deployed an ABS system, OBSs and a LISST 
in 90 m of water off the California coast for 3 months. They estimated the average particle 
size by (i) fitting the observed (acoustical and optical) concentration profile to a Rouse model 
of the boundary layer using the Stokes law for fall velocity and (ii) combining optics and 
acoustics to form a multifrequency inverse for the average particle size. These results were 
then compared to observations from the LISST. They found good agreement except during
Figure 3.1 Submersible pumps mounted in series to the SIS super 
structure
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initiation of transport events when the Rouse profile was not expected to be valid. 
Comparisons with in-situ sediment grab samples and suspended sediment samples also 
showed good agreement.
3. Sampling Method
This section outlines the sampling techniques employed in this project. First the 
pump system is described, followed by the calibration and deployment procedure for the 
OBS, LISST and ABS sensors. The field sampling protocol is presented next. Finally the 
laboratory methods for translating pumped samples into dry weight concentrations and sand 
size distributions are described.
Instrument cluster cross-bar
Figure 3.2 Instruments mounted to the lower boom of the SIS.
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3.1. Pump System
Four “Teel Industrial Series” Model 1P809 submersible pumps produced by the 
Dayton Electric Manufacturing Company were mounted to the SIS super structure (Figure 
3.1). The four pumps were used in series to overcome the head-pressure necessary to pass 
water through a hose over the high point of the SIS 12 meters above mean sea level. The 
pumps operate with 115 V A/C, and each draw 4.5 amps under full load. Their advantages 
include their small size and low price relative to their pumping rate and durability. They 
have standard 3/4" (1.9 cm) garden hose intakes and outlets, which allowed deployment of 
the pumps in series, remotely located from the actual sampling location. Remote mounting 
was crucial to avoid flow disturbance in the vicinity of the SIS electronic concentration and 
velocity sensors. A 3/4" (1.9 cm) internal diameter (ID) heavy duty hose and four 
submersible 115 V A/C power cables extended from the seaward end of the SIS, up through 
the turn-table of the SIS, terminating near the rear end of the truck towing the SIS. The 
power cables for the pumps were mounted as far as possible from the communication cables 
for the electronic sensors to minimize potential 60 Hz interference due to the power cables. 
The pumps were turned on simultaneously utilizing a splash-proof control box with ground 
fault interrupts. The pump hose terminated in a “ Y”, with one branch providing samples for 
the LISST and the other leading to a barrel to collect samples to be processed later.
The largest problem with the pump system was jamming of the pump impellers with 
coarse sand and large organic material, such as seaweed. Fortunately, another advantage of 
the Model 1P809A is ease of maintenance. It is quickly disassembled with a screwdriver for 
internal cleaning and part replacement.
The intake, positioned adjacent to the OBS cluster maintained by the Storm Team, 
consisted of four 4mm diameter holes drilled horizontally around the perimeter of the end 
of a plugged, downward facing 15 mm ID PVC tube. With a consistent pump rate of about 
5 gallons per minute (19 liters/minute), the velocity flowing into each of the four holes was 
~6.6 m/s, which was more than sufficient to overcome the size-sorting tendency of low
17
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Figure 3.3 Quadratic Calibration Curves
speed pump intakes (Bosman et al., 1987). The intake was located 61 cm below the SIS 
instrument cluster cross-bar for transects 1-15 and 56 cm below the cross-bar for transects 
17-29. During transects 1-15 and 26-29 the intake was co-located in the vertical to 
within 1 cm of OBS 4007. Between transects 15 and 26 the intake was located one third the 
way between OBSs 4037 and 4007, closer to 4037. This placed the intake approximately 10 
to 20 cm above the bed over the course of the experiment.
3.2 OBS calibration and deployment
The OBSs on the SIS were calibrated in a 70 liter suspended sediment mixing 
chamber based on the design of Downing and Beach (1989). Calibrations were performed 
on site on the FRF pier so that the support electronics used for data collection during the 
calibration procedure were identical to those used during the field experiment. Sediment 
collected in suspended sediment traps (100 micron mesh sleeves put on a metal frame turned 
to face into the direction of the current) on the SIS over a series of storms were composited 
together. Subsamples of the composite were rinsed in a 63 micron sieve and used to calibrate 
the OBSs for sand before and after the SandyDuck experiment. Figure 3.3(a) displays
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quadratic fits to the calibration data of the form
V = ao + a,C + a2C2 (3.2)
where V is in millivolts and C is in gram/liter, for OBSs 4007 and 4037 perfomed before and 
after the field experiment. Table 3.1 contains the relevant coefficients determined for 
equation (3.2). For a2C2 «  a,C, the above equation can be inverted to
C =b1(V-a0) + b2(V-a0)2 (3.3)
where b, = 1/a, and b2 = -a2/a,3. Equation (3.3) was used to transform voltages recorded by
the OBSs in the field back into sand concentrations using average values for b, and b2 from
calibrations before and after the field experiment. For a0, we used the cut-off voltage for 
each burst associated with background turbidity (see section 4.1).
Table 3.1 Fine and Sand Calibration Regression Coefficients
Sensor calibration ao ai a2
SAND
4007 pre (10/13/97) 1021.6 75.5 -0.22
post (10/29/97) 1012.3 65.5 -0.16
4037 pre (10/13/97) 1045.5 82.9 -0.22
post (10/29/97) 1029.6 91.7 -0.22
FINES
4007 post (9/17/98) 1029.1 1080.0 -84.4
4037 post (9/17/98) 1056.9 1158.1 -85.2
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Muddy sediment previously collected off Duck earlier in the 1990's from various 
bottom grabs and sediment traps deployed between 8 and 13m water depth were passed 
through a 63 micron sieve and used to calibrate the OBSs for mud after the October 1998 
experiment. Figure 3.3(b) and Table 3.1 display quadratic fits of the same form as equation 
(3.2) applied to the fines calibration data for OBSs 4007 and 4037. A composite of bed 
samples and settling tube material collected during previous experiments off Duck was 
necessary because approximately 140 grams of mud was needed to complete the fines 
calibration. Material from surf zone bottom grabs and suspended sediment traps more 
coincident to the field experiment was tried first, but the percent mud was too low in these 
samples to fulfill the requirements for calibration.
During the field experiment, OBS numbers 4007 and 4037 were located closest in 
the vertical to the pump intake height of 61 cm below the BAH. OBS 4007 was 62 cm
Figure 3.4 LISST mounted on tongue of SIS
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below the instrument cluster cross-bar during transects 8 to 24, and 57 cm below for transects 
25 to 29.
3.3 LISST calibration and deployment
The LISST, a submersible model LISST-100 manufactured by Sequia Scientific in 
Seattle, Washington, was mounted on a wooden platform (Figure 3.4) attached to the towbar 
of the SIS. The LISST was not attached to the boom of the SIS due to the high energy regime 
of the surf zone and also due to the flow obstruction the LISST would create. The design of 
the LISST laser mount makes it sensitive to bumps that could throw the laser out of 
alignment. A flow-through chamber (Figure 3.5) was designed to allow LISST time series 
collection at the same time pumped samples were collected for further analyses. When 
deployed, the outer chamber contained de-ionized, distilled water so that the laser always 
passed through water or acrylic instead of air. The inner chamber consisted of a debubbler
Figure 3.5 Flow-through chamber mounted on the front of LISST
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Figure 3.6 Daily Zscats using flow-through chamber.
chamber, a sample chamber, and a drain tube. The debubbler allowed bubbles to rise before 
the sample volume passed in front of the laser. The laser particle scattering occurred within 
the sample chamber. The drain tube passed through a hole cut into the platform and had a 
cutoff valve in-line to allow the outflow rate to be controlled. The sample volume was 20% 
less with the flow-through chamber in place due to the chamber walls shortening the optical 
path length of the instrument from 5 cm to 4 cm. This sample volume is approximately the 
same as the sample volume of the calibration chamber used during calibration of the LISST 
described below and thus no corrections should be necessary.
Any medium that the laser passes through may change the optical properties of the 
laser beam, including scratches or smears on the windows. Thus a zero background scattering 
file, or “Zscat” was recorded each day to account for the optical effects of the flow-through
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Figure 3.7 LISST calibration curve using Duke 431 polymer particles.
chamber. To obtain a Zscat, the cutoff valve was closed, the flow-through chamber was 
filled with de-ionized water, and 100 LISST scans were recorded and averaged. Figure 3.6 
shows consistency within all the Zscats taken during the field experiment.
A calibration of the LISST was also performed using known size suspended particles. 
A series of concentrations for lab calibration were made from Duke Scientific Corporation 
Number 431 polymer particles suspended in de-ionized water. Duke 431 is a powder made 
of polystyrene polymer spheres with a size range of 25-120 microns and a density of 1.05 
g/L. Figure 3.7 shows the response of the LISST to controlled volume concentrations of 
Duke 431 in microliter per liter (pl/L). The calibration constant between the controlled 
concentrations and associated responses was found to be 4778 counts//pl/L) with a very good 
correlation of 0.9997. This constant is used by the LISST program before field data is 
inverted.
Verification of the LISST instrument’s capability to separate three different particle
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sizes was accomplished using three single size polymer particle solutions from Duke 
Scientific. The components of the mixed solution were particles with median diameters of 
4.5, 21.4, and 98.5 microns for the three size ranges. The coefficient of variation of the each 
particle size range from it’s median diameter was 20%, 15% and 11%, respectively. Figure 
3.8 shows distinct separation of these single size ranges.
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Figure 3.8 Distinct separation of three single size polymer particle solutions 
combined for a multiple size test.
3.4. ABS calibration and deployment
A Simrad Mesotech ABS was provided, calibrated and maintained by a group of 
scientists and graduate students from the University of Florida (UFL) led by Dr. Dan Hanes. 
The calibration was carried out in a custom calibration tube using a series of 15 concentration 
levels of known concentration ranging from 0 to 5 g/L. The concentration levels were made 
using sediment with a mean grain size of 2.66 ± 0.25 phi (approximately 160 micron) and 
a density of 2.65 g/cm3. The calibration parameters were estimated using “ABSolution”, a
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windows based program written by Eric Thosteson at UFL base on the theory summarized 
in Thosteson and Hanes (1998) (Yeon-sihk Chang at UFL, pers. comm.). The 2.25 MHz 
transducer, which has a crystal radius of 6.35 mm and a pulse width of 10 ps, has calibration 
parameters of 0.121, 0.193, 0.774 and 0.442 for water attenuation, sediment attenuation, 
backscattering factor and system constant, respectively. The 5 MHz transducer, which has 
a crystal radius of 3.18 mm and a pulse width of 10 ps, has corresponding calibration 
parameters of 0.597, 1.177, 2.612 and 0.375. The two transducers of the ABS with
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Figure 3.9 Transects analyzed for this study. Graph from J. Smith, 1997 (pers. 
comm.)
frequencies of 2.25 MHz and 5 MHz were mounted 2.5 cm and 0 cm, respectively, above the 
instrument cluster crossbar. Since the ABS is able to measure a concentration profile in this 
downward looking position, the data bins corresponding to the intake height (61 cm below 
the instrument cluster crossbar) can be used for comparison purposes later (section 4.4).
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3.5. Field sampling procedure
The general sampling procedure for the entire Storm Team group, including 
personnel from the FRF, VIMS and UFL, was to move the SIS across the surf zone moving 
landward from the seaward end of the FRF pier. This was called a “transect” Sampling was 
done centered on low or high tide to minimize water level variation due to the tide during the 
time it took to complete a single transect. About every 200 feet (60 meters), the SIS was 
deployed at a “station” with the instrument cluster cross-bar (“BAH”) positioned horizontal 
to the bed to collect an 8.5 minute burst of backscatter (optical and acoustic) and current 
meter data along with pump samples. The entire transect which consisted of approximately 
9 stations generally took about three hours. Altimeters and pressure sensors were utilized by 
the Storm Team to determine the position of the BAH relative to the bed. The pumping, 
LISST, and ABS were each performed on a subset of the total number of SIS transects 
during SandyDuck’97. The pumps collected water for filtering and LISST analysis during 
transects 1-4, 6-8, 11, 13-15, 17, 19, 21, 23-24 and 26-29. Initial examination of pump data 
indicated poor data quality during transect 17 due to a mechanical breakdown of one of the 
pumps and during transects 23 and 24 due to plant debris clogging the pumps. Thus this 
study will consider only the remaining 11 transects, consisting of a total of 78 stations (see 
Figure 3.9 and Table 4.3).
At each station, OBS data were recorded by the Storm Team in two back-to-back 
bursts of 4096 samples collected at 16 Hz. All the OBSs were sampled simultaneously, and 
the start time of the burst was noted to the nearest minute. Raw binary data were translated 
to ASCII files in millivolt units. These ASCII data were then transfered to VIMS by ftp. 
OBS data for transects 1-7 were not utilized by the Storm Team because sensor heights were 
being adjusted frequently during this time.
Two four gallon (13 liter) samples were collected corresponding to the first and 
second halves of the OBS burst collected by the SIS personnel. Processing of the samples 
will be covered in greater detail in the next section. Data for fine (< 63 micron) sediment
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pump concentrations presented here for individual stations are averages of the filtered 
aliquots collected during the first and second half of the OBS bursts. For sand pump 
concentrations (>63 micron), station data are averages of three measurements: the two 
concentrations estimated from the aliquots split from the barrels and a third concentration 
estimated for the total sand recovered from the remainder of the sample in the barrels. 
Sampling times, to the nearest minute, were noted for later correlation of times within the 
OBS, ABS and LISST time series. The accurate recording of time will be shown to be 
important in Section 4.3. The 40 meters of hose resulted in a 30 second delay as the water 
traveled through the hose and is important to note when comparing instantaneous results 
recorded by the instruments deployed in-situ (OBS and ABS) with results obtained from 
pumped sample (pumped concentrations and LISST results). A verification of pumping flow 
rate was performed at one of the stations during each transect. The average time it took for 
half of the split to fill a four gallon bucket was 98 seconds (standard deviation =19 sec).
At each station, ABS data were recorded by Dan Hanes and Craig Conner from UFL 
in a single burst of 1024 samples collected at 2 Hz for each transducer. The start time of the 
burst was noted to the nearest minute. Concentration, distance from bottom, and size profiles 
were calculated using “ABSolution”, the same software used for the ABS calibration. The 
results were stored as Matlab variables in a .MAT format and transferred to VIMS via ftp by 
Yeon-sihk Chang at UFL. The ABS bin 62 cm from the 5 MHz transponder for transects 8 
to 24 and 57 cm from the 5 MHz transducer for transects 25 to 29 corresponded to the pump 
inlet height. For the 2.5 MHz ABS, the bins 60 cm and 55 cm from the transducer 
corresponded to the pump inlet during transects 8-24 and 25-29, respectively.
3.6. Pumped Sediment Subsample and Filtering Procedure (see Figure 3.10)
Great care was taken to ensure accurate sand and fines concentrations from samples
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Figure 3.10 Pumped sediment subsample and filtering procedure flow-chart.
collected in the 4 gallon containers, and individual results from the procedure outlined in 
Figure (3.10) can be reviewed in Battisto et al. (1998). A two liter aliquot was removed from 
each 4 gallon pump sample using a churn splitter within a few hours of sampling. The 
aliquots were immediately filtered to prevent algae growth. Duplicate 2 liter aliquots were 
taken on ten percent of the barrels to verify the aliquots are adequate representatives of the 
total sample. The portion of the sample left in the churn splitter was used for further sand 
analysis (see Section 3.7). A measured portion of the 2 liter aliquot was filtered through a 
pre-weighed 47 mm diameter filter stamped out of 60 micron mesh to capture the sand 
portion of the sample. The mesh filter and sand were dried at 103-105 °C, reweighed, 
muffled at 550 °C to volatilize the organic matter, and weighed once more. This procedure 
gave the total sand concentration and fixed sand concentration.
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An aliquot of the filtrate was immediately passed through a 47 mm diameter glass 
fiber filter (pore size approximately 0.8 microns) which had been pre-muffled at 550 °C and 
pre-weighed. The glass fiber filter was also dried at 103-105 °C, reweighed, muffled at 550 
°C, and reweighed. This procedure gave total fines concentration and fixed fines 
concentration.
After subsampling for filtering, the remaining water in each barrel (approximately
3.5 gallons) was measured for volume and passed through a 63 micron sieve. The trapped 
sand was transferred to a pre-weighed sand storage bag, air dried, and reweighed. The 
samples from the two barrels collected at each station were combined to yield one larger sand 
sample for sand size analysis. The total weight of the sand from each station divided by the 
total volume of the remaining water in the two barrels provided an additional measure of 
sand concentration. A complete listing of all these concentration measurements, including 
duplicates, is provided in Battisto et al. (1998).
The VIMS Rapid Sand Analyzer (RSA) was used to determine the size distribution 
of the sand collected for sand size analysis. The RSA, an instrument consisting of a cylinder 
of water of known depth and temperature with a weighing pan suspended at the bottom, 
utilizes the known fall velocities of natural quartz sand to classify the particles in the field 
sample into size classes. For evenly spaced intervals of phi, where phi = -log2D and D is the 
intermediate grain diameter in millimeters, the fall velocity (Wn) of natural grains in fresh 
water is :
Wn = 0.76 c D2 (3.4)
where c= 89.8 at 20 °C for quartz particles (from Stokes Law), and 0.76 accounts for the 
effect of the natural non-spherical shape of the particles (Baba and Komar, 1981). The RSA 
applies this relation at small grain sizes with an empirical correction for turbulent vortex 
shedding at larger grain sizes. Figure 3.11 displays the actual functional relation between 
W and D employed by the RSA.
29
Diameter (microns)
Figure 3.11 Functional relationship between fall velocity, W, and 
diameter, D employed by the RSA.
The sample particles are uniformly dispersed by the RSA sand release mechanism 
at the top of the 150 cm column of water. The particles fall onto a tared balance pan located 
at the bottom of the column. The cumulative weight of the particles is recorded over time 
at 1 second intervals. The weight of the particles that have fallen in the amount of time it 
would take a particle for each phi size class is subtracted from the cumulative weight and 
termed the immersed weight. Each progressively smaller grain size takes longer to fall the 
same distance than grains from a previous size class. A histogram of the immersed weight 
by phi class is then made to show the grain size distribution of the sample. The data is not 
converted to dry weight because the percent distribution of the total across all the size classes 
is more important than the dry weight of sand in any one size class.
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Figure 4.1 Hypothetical case
4. Results and Discussion
In this section, the seven main results of this project are presented and discussed. The 
first section of the results addresses the first objective of this thesis and is a test of the percent 
cutoff method for estimating the background level of suspended fines concentration. The 
next two sections, addressing the second and third objectives of this project, determine the 
impact of sand size, pump timing and noise on the OBS measurement of suspended sand 
concentration. The fourth section is an intercomparison of direct pumping, LISST, and ABS 
to determine sand size and concentration for evaluating sand size estimates based only on 
OBS response and parameters routinely measured at the Field Research Facility. The fifth 
section of results, addressing the next objective of the thesis, presents a theoretical model
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for the shape of the OBS profile as a function of sand grain size and shear velocity. The sixth 
section presents theoretical and empirical models for the shear velocity that are ultimately 
needed to infer sand grain size from the OBS profiles. Finally, the insights gained in the 
previous sections are combined in the seventh section to address the final objective of this 
project, which is to formulate a practical method for correcting OBS observations of sand 
concentration for the effects of fines, noise and sand size.
4.1. Test of the percent cutoff method.
The first objective of this study is to test the “cutoff’ method utilized by the STORM 
team for the removal of background turbidity due to fine sediment (<63 micron) from the 
OBS voltage response. This section uses pumped fine concentrations to determine which 
percent cutoff value can most appropriately be used for the nearshore region off Duck, NC.
If one assumes that the sand and fine components of suspended sediment off of Duck 
exhibit distinct temporal/spatial scales of resuspension, then a single time-series of OBS 
voltage can be used to estimate both sand and fine sediment concentration simultaneously 
(Ludwig and Hanes, 1990). For example, consider a hypothetical case of simulated data 
where suspended fines concentration varies weakly around a mean of 0.1 grams/liter (Figure 
4.1(a)) and suspended sand concentration varies dramatically about a mean of 2.0 grams/liter 
(Figure 4.1(b)). The resulting voltage that would be registered by OBS number 4007 based 
on the calibration curves in Figure 3.3 is shown in Figure 4.1(c) where we have applied a 
common zero offset of 1021 mV for both sand and fines in this hypothetical example. If the 
hypothetical OBS record in Figure 4.1(c) were observed without prior knowledge of the 
underlying input concentration, the average concentration of fines and sand could still be 
estimated over the course of the burst. This could be done by applying the percent cut-off 
method (described below) to the “background” voltage in Figure 4.1(c). Battisto et al (1998) 
showed fines concentration varies little spatially across the nearshore at Duck, NC over short 
time scales (<4 hrs). Therefore this theoretical cutoff method is applicable at the location of 
this study and others where fines are more evenly dispersed than suspended sand.
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Figure 4.2 OBS response with 1, 5 and 10% cutoff (Transect T19, Station 1050). 
The top straight line represents the 10% cutoff value. The middle straight line 
represents the 5% cutoff value and the bottom line is the 1% cutoff value.
The percent cut-off is the lowest X-percentile of OBS voltage readings for a given 
OBS burst which best approximates the D.C. shift associated with the background turbidity 
(mainly fine sediment). Presently the Storm Team applies a 5% cut-off when analyzing OBS 
data from the SIS. Figure 4.2 provides an example OBS burst recorded during October 1997 
with 1, 5 and 10% cut-off voltages identified. For the hypothetical case in Figure 4.1(c), the 
5% cut-off values of the OBS voltage readings for the burst (equivalent to 1129 mV) indeed 
matches the slowly varying lower limit of the OBS output and is equal to the burst-averaged 
contribution of the suspended fines (plus the zero concentration offset). One can then invert 
the fine sediment calibration equation using the 5% cut-off voltage of 1129 mV, i.e., fines 
in grams/liter = (cutoff voltage - zero offset)/(a1 for fines) = (1129-1021)71080 and apply the
33
inverted equation to the hypothetical case in Figure 4.1(c) to predict the original mean fine 
concentration of 0.1 gram/liter. (Here we neglect a2 because the very low fines concentration 
keeps us within the linear portion of the calibration curve.) Next, the concentration of sand 
is calculated using equation (2) (including a2) with Oq equal to the cutoff voltage, yielding 
back the correct value of 2.0 grams/liter for the burst average.
A major objective of this study is to use direct pump samples to test the validity of 
the cut-off method described above to test the performance of various cut-off percentages. 
Figure 4.3 and Table 4.1 display the result of linear regressions between the concentration 
of fines determined by pump sampling and D.C. shift voltages for 1, 3, 5, and 10% cutoffs. 
Table 4.1 also includes 2 and 8% cutoffs. Here we consider only cases where the intake was 
very close to OBS 4007 (67 of the 78 stations). The data is divided into separate populations 
before and after burst 25 because of distinctly different slopes for these two subsets of data. 
The difference in slope may be related to temporal variation in the sources of fines or be 
related to a change in the background noise of the system (see section 4.2). The best 
agreement between the linear term in the fines calibration equation (a, = 1080 for OBS 
4007) and the average regression slope for the two populations occurs at about a 2% cutoff, 
whereas peaks in average correlation of the regressions between cut-off voltage and fine
Table 4.1 Fine Regression Coefficients for Pump/OBS Comparisons
Transects 8-15 Transects 26-29 Averaae
% Cutoff Slope Correlation Slope Correlation Slope Correlation
1 800±84 0.838 1318±131 0.899 1059 0.864
2 842±93 0.827 1353±131 0.894 1098 0.860
3 860±97 0.822 1404±133 0.897 1132 0.859
5 916±102 0.824 1461±135 0.902 1189 0.862
8 964±112 0.813 1517±143 0.898 1240 0.855
10 1004±117 0.812 1571±148 0.898 1287 0.855
15 1042±129 0.796 1649±162 0.894 1346 0.843
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Figure 4.3 Regression of OBS response on measured fines concentration 
from pumped samples.
concentration occur for both 1% and 5% cut-offs (Table 4.1). Together, these results suggest 
a best-fit cut-off percentage of something less than 10% and more likely in the range of 1% 
to 5%. However, the uncertainty in this value is still large based on the examination of fines 
concentration alone.
The zero offsets associated with the fines calibration and field regressions should not 
be expected to agree precisely regardless of the cut-off percentage, because the background 
optical properties of near-bed sea water at zero particulate concentration can not be matched 
exactly in the calibration tank. There are undoubtedly differences in other factors such as 
the level of ambient light, the concentration of dissolved constituents affecting water color 
and the bubble concentration. Even assuming a constant zero concentration offset, there are
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Figure 4.4 Uncorrected sand concentrations predicted from OBS voltage 
response after subtraction of fines cutoff value compared with sand concentrations 
measured from pumped samples.
several reasons to expect scatter in the comparison between pumped fines and the OBS 
cutoff voltage within the field data. First, suspended sediment off Duck is not really 
composed of two entirely distinct populations of vastly different grain size. In reality, there 
is a continual graduation in size between sand and clay and, thus, a continual gradation in 
time-scale of response of sediment suspension to waves. For intermediate grain sizes, such 
as coarse silt, one can expect suspended sediment to behave more like sand under weak 
waves and more like clay under strong waves. Second, the general size distribution of fine 
sediment in suspension can be expected to change somewhat over time-scales of hours to 
days independent of wave forcing due to advection.
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4.2. Impact of sand size on OBS measurement of sand.
This section addresses the effect of using a calibration sample for the prediction of 
suspended sand concentration with a sand grain size distribution which does not exactly 
match the suspended grain size distribution of the sand measured by the OBS in the field. 
In this study, the calibration sand was coarser than most of the sand in suspension during the 
course of the field study, and thus an over estimation of the suspended sand concentrations 
initially resulted. A method for correcting the OBS burst averaged concentration to account 
for the grain size difference is suggested.
By applying the range of cut-off percentages included in Table 4.2, equation (3.2) 
was used to transform OBS voltages from the selected transects back to predicted sand 
concentrations. Figure 4.4 compares the resulting burst averaged sand concentrations 
predicted by the OBSs to the pumped sand concentrations for 1, 3, 5, and 10% cutoff values 
(78 points each). In general one can expect more scatter in the comparison of pumped sand 
to OBS records than that for pumped fines because of the more intermittent nature of sand 
resuspension. Also, our data for pumped sand concentration spanned nearly three orders of 
magnitude, in contrast to the pumped fine concentration which varied by less than one order 
of magnitude. For these reasons, sand concentrations are plotted in log-log rather than linear 
format.
Extreme disagreement is apparent at low concentrations between pumped and OBS 
sand concentrations (Figure 4.4). Closer examination reveals that the worst disagreement 
at low concentrations is associated with OBS data collected after transect 25. Shifting of 
sensors and cables during the peak of the storm prior to transect 25 may have caused more 
“noise” to be present in the OBS records, possibly due to cross-talk. Cross-talk occurs when 
one sensor records a signal from another sensor as well as its own. Thus from this point 
forward in our analysis we have separated sand data collected before and after the start of 
transect 25. A method to correct for noise is presented in section 4.3.
Table 4.2 contains the percent bias and percent average absolute difference for sand 
concentration predicted by OBSs (“OBS”) relative to that determined by pump sampling
37
(“pump”) for data before and after transect 25. Percent difference in the comparison of 
individual data points is defined as
% difference = 100 x (OBS-pump) / mean (OBS, pump) (4.1)
and can be positive or negative. Percent bias is defined as the average of all differences and 
Table 4.2 Sand Error Estimates for Pump/OBS Comparison
Uncorrected Data Size Corrected Data
T8-21 T26-29 T8-21 T26-29
i Cutoff % | Diff * %Bias % | Diff|* %Bias % Cutoff % |Diff|* %Bias % | Diff|* %Bias
1 101 97 148 148 1 68 50 118 116
2 97 93 145 145 2 60 45 116 113
3 95 90 143 143 3 63 41 114 110
5 91 82 140 140 5 60 34 110 106
8 87 79 137 137 8 57 28 106 100
10 84 75 134 134 10 56 24 103 97
Size and Time Corrected Data
T8-21 T26-29
% Cutoff % | Diff |* %Bias % | Diff|* %Bias
1 61 36 118 116
2 58 28 114 113
3 56 21 111 109
5 54 12 104 102
8 51 -6 94 91
10 52 -20 87 82
* average absolute percent difference
Size. Time and Noise Corrected Data
T8-■21 T26--29
Cutoff % | Diff |* %Bias % | Diff |* %Bias
1 34 -4 36 15
2 35 -9 38 15
3 36 -11 38 18
5 38 -13 38 22
8 44 -26 41 23
10 49 -29 44 24
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Figure 4.5 Comparison of example station and calibration RSA size distribution 
results
is always less than or equal to the average absolute percent difference. For the data in 
Figure 4.4 (which has yet to be corrected for size, timing or noise), percent average absolute 
difference and percent bias are each on the order of 100% regardless of the percent cut-off 
applied.
The sensitivity of OBS response to grain size is made obvious by the difference in 
slope between the calibrations for sand and fines (see Figure 3.3). Even within the 
suspended sand population off of Duck, variations in grain size in space and/or time are 
large enough to have a significant effect on OBS response. Figure 4.5 displays the sand size 
of the sample used to calibrate the OBSs for sand along with two example sand size 
distributions for sand samples pumped during the storm. Assuming OBS response is 
inversely proportional to grain size, then sand size distributions measured over the course of 
the storm can be used to “correct” each OBS record based on a weighted ratio between the 
pumped sand size distribution and the calibration size distribution. The correction factor is 
given by:
(P./D, + P2/D2 + ... + Pn/Dn) / (Plc/Dj + P2C/D2 + ... + PnC/Dn) (4.2)
where Pn is the percentage of sand in the nth size class of the pumped sample, Dn is the
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Figure 4.6 Size corrected sand concentrations are represented with a +. 
Uncorrected sand concentrations are represented with a o.
diameter of the nth size class, and the subscript C indicates the corresponding percentages for 
the calibration size distribution. The burst average sand concentrations predicted from the 
OBS voltages can be corrected for sand size variations of pumped samples relative to the 
calibration size distribution simply by dividing by the “uncorrected” OBS output by the result 
from Equation (4.2).
Figure 4.6 compares the size-corrected sand concentrations predicted by the burst- 
averaged OBS voltages during the storm to pumped sand concentrations before and after the 
beginning of transect 25. As indicated in Table 4.2, size-correction of the sand calibration 
reduces bias and absolute error by an average of 42 and 31 percentage points, respectively. 
Thus, if the OBS calibration based on the composite suspended sediment traps, collected
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over a series of storms, were applied uniformly, Table 4.2 suggests true sand concentration 
would be overestimated by about 42% (relative to the size corrected data). This is because 
a 100 micron mesh was used to collect the composited suspended sediment trap sand, 
making it significantly coarser than that typically in suspension during the October storm. 
Calibration of the OBSs using sand which is too coarse results in a calibration gain (a! in 
Equation (3.2)) which is too small and a constant for transforming voltage back to sand 
concentration (bj = 1/a] in Equation (3.3)) which is too large.
4.3 Impact of pump timing and instrument noise on OBS measurement of sand
The last section explored a method to correct for the OB S’s sensitivity to sand grain 
size in suspension when it is different than the grain size of the calibration sample. In Table 
4.2, an absolute average percent difference in the range of 60% and bias in the range of 40% 
is still seen after the correction is made for sand size. Other sources of error that could 
explain these differences, such as timing of sampling and cross-talk between instruments, are 
explored in this section.
The intermittent nature of sand suspension under waves (see Figure 4.2) allows the 
separation of OBS response due to sand versus mud. However, it also means that relatively 
short duration pump samples are likely to miss episodic suspension events recorded by 
longer duration OBS records. In an attempt to correct for this, the OBS records were sub­
sampled as accurately as possible to include only time-series recorded while water was being 
actively collected for filtering. For each burst, the average pump duration of 98 seconds was 
used, accounting for the 30 seconds it took for water to transit through the sampling hose up 
from the nozzle near OBS cluster. Unfortunately, the initiation of OBS sampling was 
recorded only to the nearest minute, so it is likely that the synchronization of the pump 
samples and OBS records was not optimized. Figure 4.7 and Table 4.2 compare the size and 
time corrected sand concentrations predicted by the burst-averaged OBS voltages during the 
storm to all the pumped sand concentrations before and after the beginning of transect 25. 
Like size correction, subsampling in time also reduced the bias and absolute error between
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OBS predictions and pumped sand concentrations, in this case by an average of 16 and 6 
percentage points respectively.
Despite corrections for sand size and pump duration, predicted OBS sand 
concentrations for transects 26 through 29 were almost all higher than the pumped values, 
with the largest disagreement occurring at lowest concentrations. A possible explanation 
for this disagreement is the presence of significant spurious energy in the OBS response 
starting about transect 25. This excess energy could possibly be due to cross-talk among the 
OBS sensors or with other instruments sensors. Figure 4.8 displays example OBS bursts
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Figure 4.8 Examples of noise in OBS bursts
associated with low concentrations of pumped sand from each of transects 26 and 29 which 
exhibit very similar -40 second oscillations in the lower voltage limit. Included for contrast 
is an OBS burst from transect 8 also associated with low sand concentration. The relatively 
constant amplitude of the “system noise” during transects 26 to 29 may explain why the 
disagreement between pumped sand and OBS predictions appears to decrease with increased 
concentration on a log-log plot (e.g., Figure 4.7(b,d)). If a relatively large, constant 
amplitude source of noise existed, it would be interpreted as a significant, but nearly 
constant contribution to OBS sand concentration by the cut-off percentage method. At low
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concentrations, the contribution of system noise would dominate the OBS sand prediction, 
while at high concentrations, its contribution to the total OBS prediction would be relatively 
small, particulary when represented on a log-log plot.
Another explanation for the mismatch in Figure 4.7 (b,d) could be a systematic 
malfunction of the pumps at lower sediment concentrations. This seems unlikely given that 
the pumps are more likely to fail at high concentrations. Experience has shown that very 
high sediment sand concentrations are more likely to jam the pumps’ impellers, creating a 
sand filter within the pump itself which reduces the concentration of sand within the uptake 
hose. This type of failure was common during a preliminary experiment conducted in April 
1997 but was minimized in this experiment thanks to frequent pump disassembly and 
cleaning. Careful monitoring of pump flow rate was done to know when cleaning was
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necessary.
Assuming the amplitude of external system noise was indeed relatively constant after 
transect 25, one can empirically correct for it by adding a constant concentration to the 1:1 
line (the line along which measured pumped sand concentration equals predicted sand 
concentration in Figures 4.4, 4.6, 4.7 and 4.9) to create a new curve that falls in the middle 
of the scatter of data points. That best-fit noise voltage curve will vary as a function of the 
chosen cut-off percentage, because if too large a cut-off percentage is chosen, part of the 
voltage increase due to noise will be removed by the cut-off voltage. Figure 4.9 and Table 
4.2 include the removal of constant amplitude noise from the predicted burst average sand 
concentrations for transects 26-29 chosen such that it minimizes absolute average percent 
error. The best fit noise value after transect 25 is equivalent to 0.26, 0.23, 0.20, 0.15, 0.11, 
and 0.081 grams/liter for cut-offs of 1, 2, 3, 5, 8 and 10%, respectively, suggesting that -0.1 
to 0.3 grams /liter should be subtracted from OBS estimates of sand concentration after 
transect 26.
Closer examination of data from transects 8 to 21 also reveals a tendency for OBS 
predicted concentrations to be consistently too high at low concentrations, albeit to a lesser 
degree. In Figure 4.8 (a), low amplitude oscillations of similar period to the “noise” in 
Figures 4.8 (b,c) are also detectable, but with an amplitude about an order of magnitude 
smaller than that seen in transects 26-29. Thus Figure 4.9 (a,c) and Table 4.2 also include 
removal of best-fit system noise likewise chosen to minimize absolute percent differences. 
For transects 8 to 21, the best fit noise value is equivalent to 0.050, 0.044, 0.036, 0.018, and 
0.006 grams/liter for the cut-offs of 1, 2, 3, 5, 8 and 10%.
The greatest consistency between pumped sand concentrations and OBS predictions 
(after correction for size, timing and noise) occurs for a cut-off voltage of 1 %. Without noise 
correction, the best comparison for transects 8 to 21 occurs in the range of 5 to 8%. Without 
noise correction, the comparison for transects 26 to 29 is poor when applying any reasonable 
cut-off for background turbidity because the influence of noise dominates the OBS response 
at all but the highest observed sand concentrations. Assuming the presence of significant 
system noise, especially after transect 25, best fit cut-off voltages determined from pumped
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sand concentrations are found to be generally consistent with those determined in the 
previous section based on the concentration of pumped fine sediment. The most appropriate 
cut-off voltage is less than 10% and probably in the range of 1 to 5%. Within this range, 
estimates of sand concentration based on OBS output are relatively insensitive to the precise 
cut-off voltage applied. Application of a 5% rather than a 1% cut-off changes average 
estimates of sand concentration (i.e., bias in Table 4.2) by about 9%. Thus the current cut-off 
value of 5% used by the STORM team is a reasonable choice.
4.4 Inferring suspended sand grain size distribution from OBS signal alone: 
motivation and independent measurement by LISST, RSA and ABS
In the previous sections it was shown that OBS response above the background 
turbidity level was consistent with pumped sand concentration as long as corrections were
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11 Station 1140)
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made for the burst-averaged size of suspended sand, which was found to vary significantly 
in time and space across the nearshore. Correction for the smaller size of pumped sand 
relative to the calibration sample decreased the OBS estimates of sand concentration at the 
height of the intake by about 42%. The suspended sand grain size is expected to become 
finer as the distance from the bed increases. Thus to correct all OBS estimates without using 
a model for size distribution, it would be necessary to pump samples and analyze them for 
grain size distribution at each of the OBS heights. It would be prohibitively expensive to 
pump sediment during every SIS deployment and more expensive still to pump at multiple 
heights above the bed. The following portion of the thesis (Section 4.5) presents an 
alternative method for estimating the horizontal, vertical and temporal distribution of 
suspended sand size in the near shore, based on observed profiles of OBS response along 
with mean current and wave orbital velocities at a fixed height. The beauty of the alternative 
method is that it should not require additional pump samples to correct OBS measurements 
for grain size, and corrections can be made for spatial and temporal differences from the 
single calibration sample. This method can potentially be applied to other near shore OBS 
data sets collected at Duck, N.C., and elsewhere.
Formulation of the alternative method to predict sand grain size from measured OBS 
mean concentration profiles requires independent observations of suspended sand grain size. 
Independent estimates of sand grain size in suspension at the intake height were made using 
two other methods: RSA analyses of pumped samples and burst average results of the LISST 
time series (see Section 3 for sampling methodology). The pumped sample results were 
assumed to provide accurate estimates of grain size in Sections 4.1 through 4.3, but it was 
felt that before an alternative method for estimating grain size could be tested, it was 
necessary to verify that these pump-based estimates of grain size results were indeed 
reliable. Testing for the consistency between the methods also fulfills objective three of the 
thesis.
The LISST and RSA each measure a different overall range of grain sizes. Therefore, 
it was necessary develop a procedure to find the fiftieth percentile (D50) size measured by 
each within an appropriate sand size range. The LISST records volume concentration in
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Table 4.3 Station Identification and Measured Parameter's
Station Index Transect Location
(feet)
Intake height 
(cm)
050
(micron)
Uc
(cm/sec)
U r ms
(cm/sec)
1 8 1500 13.50 105.10 34.05 43.08
2 8 1360 14.50 105.72 37.67 47.50
3 8 1260 12.00 105.74 42.00 44.78
4 8 1140 9.00 105.75 46.67 48.76
5 8 1030 11.00 108.25 50.35 51.14
6 8 900 11.50 110.22 44.60 52.28
7 8 770 15.00 115.88 68.55 54.17
8 8 650 12.50 145.41 82.14 78.79
9 11 1500 7.50 113.98 65.03 49.93
10 11 1250 9.00 115.69 69.60 51.79
11 11 1140 7.50 119.59 74.27 52.27
12 11 1040 7.00 126.83 72.78 54.09
13 11 900 5.50 148.67 73.60 61.46
14 11 720 10.00 145.26 101.59 57.53
15 11 660 8.50 156.60 115.39 54.38
16 13 1700 2.50 115.84 46.68 30.07
17 13 1500 8.50 115.15 61.75 15.51
18 13 1270 11.00 118.85 78.10 17.54
19 13 1140 10.00 127.28 80.76 17.87
20 13 1020 7.00 129.27 87.94 40.75
21 13 900 6.00 157.90 83.12 15.56
22 13 780 17.50 161.79 109.02 31.95
23 14 1700 14.50 128.53 49.35 19.18
24 14 1610 17.50 119.15 46.64 18.09
25 14 1500 13.50 119.88 54.37 18.10
26 14 1360 10.50 127.81 62.08 18.14
27 14 1250 9.50 155.28 66.15 17.86
28 14 1120 7.00 138.55 69.42 11.13
29 14 1040 2.00 137.31 71.11 17.16
30 14 900 6.50 150.97 66.72 10.87
31 14 780 12.50 180.30 88.04 18.05
32 14 650 7.50 189.50 102.03 12.26
33 15 1700 13.00 108.20 44.18 44.46
34 15 1500 10.50 127.91 38.50 37.17
35 15 1260 10.00 125.80 52.31 42.26
36 15 1140 9.50 112.10 52.34 48.48
37 15 1050 6.50 116.52 59.01 53.11
38 15 890 9.50 118.53 59.31 56.17
39 15 770 13.50 130.87 82.90 57.42
40 19 1770 8.50 116.01 71.56 67.06
41 19 1700 7.50 131.50 81.64 72.89
42 19 1520 7.00 120.13 87.92 96.93
43 19 1400 4.50 128.11 93.82 109.89
44 19 1260 3.50 137.69 105.61 127.18
45 19 1140 2.00 145.09 100.28 145.36
46 19 1050 -0.50 143.86 100.75 165.19
47 19 900 0.00 149.02 95.38 170.21
48 21 1750 -2.00 128.90 99.57 85.00
49 21 1700 -4.50 144.07 112.12 95.30
50 21 1500 0.50 143.54 116.70 119.71
51 26 1760 11.00 131.66 58.49 35.48
52 26 1700 14.00 119.10 65.07 39.53
53 26 1520 13.50 122.62 69.43 38.34
54 26 1280 12.00 126.67 92.76 41.65
55 26 1140 11.50 128.13 85.75 47.28
56 26 920 13.50 137.70 84.84 46.76
57 27 1700 12.50 123.84 65.23 30.89
58 27 1610 8.50 134.67 73.96 22.95
59 27 1500 17.50 130.67 78.00 19.52
60 27 1370 11.00 132.30 77.09 17.27
61 27 1250 12.50 145.93 89.85 19.22
62 27 1130 11.50 144.38 96.41 14.48
63 27 920 14.50 134.50 82.89 35.55
64 27 770 16.50 153.00 104.33 53.22
65 28 1700 16.00 126.28 42.90 23.48
66 28 1500 17.00 126.94 45.58 24.20
67 28 1250 19.50 133.89 52.93 22.28
68 28 1130 18.50 127.84 49.42 24.28
69 28 1050 17.50 130.08 54.84 I8.72
70 28 900 23.50 145.49 43.65 19.19
71 28 770 24.00 145.05 66.76 13.24
72 29 1760 15.50 134.95 26.83 26.79
73 29 1500 20.00 134.98 34.68 30.45
74 29 1250 19.50 144.85 46.41 27.37
75 29 1050 18.00 129.69 47.48 27.39
76 29 900 22.50 134.40 40.26 29.40
77 29 770 23.00 140.35 57.60 31.79
78 29 650 18.50 148.78 89.20 49.06
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Figure 4.11 (a) Independent measurements of D50 sand size plotted by station 
index, (b) RSA results of pumped sample vs. ABS and LISST D50 sand grain 
size (solid line represents expected 1:1 relationship between LISST or ABS and 
RSA results of pump samples, dashed line represent ± 20 microns from that 1:1 
line)
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microliter/liter for 32 logarithmically-spaced bins from 5 to 500 microns. The RSA records 
percent of total weight for 45 logarithmically-spaced bins from 44.2 to 2000 microns, but the 
first 4 bins are zero because the sample is wet sieved through a 63 micron sieve prior to 
analysis on the RSA. Since we are interested in only the sand portion, 17 RSA bins centered 
on 74 to 297 microns were used to determine the sand D50. RSA results show the sand peak 
to be within these bins for all the data collected during the month of October, 1997(Battisto 
et al, 1998). Eleven bins centered on 72 to 302 microns were used to determine the D50 sand 
grain size for the LISST.
The D50 grain size for both LISST and RSA sand size ranges (Table 4.3) were 
determined by first calculating the cumulative concentration as a function of sand size class, 
with the smallest size class starting at zero, and the largest size class ending with the 
maximum cumulative concentration. The D50 grain size (Table 4.3) is the size that 
corresponds to 50 percent of the maximum cumulative concentration using a log-linear 
interpolation. Figure 4.10 provides an example calculation of D50 for the same station using 
RSA and LISST data.
Figure 4.11 shows comparisons of the D50 grain size estimated by the LISST, ABS 
and the RSA for transects 8-21. Since we are not interested in the actual transect and station 
identifications for the purpose of comparison among the various methods for determining 
grain size, a station index of 1-50 is used and corresponds to samples as listed in Table 4.3. 
ABS D50 sand grain size, provided by UFL and shown here just for comparison purposes, 
are the best guess median suspended sediment grain size (based on distance offshore) used 
for calculating the ABS concentration profile. There is reasonably good agreement between 
the LISST and RSA (correlation coefficient = 0.66). An overall dependence of grain size on 
distance from shore can also be seen via the positive correlation (~0.4) between D50 
observed by the LISST/RSA and the best guess median grain size assumed a priori by UFL 
for application to the ABS.
The LISST, RSA and ABS also provided independent measures of sand concentration 
in suspension at the intake height. Thus a second check on the consistency of these various 
methods for characterizing suspended sand is to compare their concentration estimates
50
do
dooT3
§
>doo
Hoo00
hJ'Si
d<oodoo
XI
g
c/500
PQ<
10
10
10
10
10
10-2
10
10-3
10 10 10 
Pumped sand concentration (g/L)
(b)
0 +M
+ o©
. i !
© 03 (
i-© t6 O
<$ ks’ . 2.5 MHz transducer 5.0 MHz transducer
-2
10 10 10 10
Pumped sand concentration (g/L)
10 10
Figure 4.12 (a) LISST sand concentration vs. Pumped sand concentration 
(b) ABS concentration at the intake height vs. Pumped sand concentration
51
(Figure 4.12). The sand concentrations for the pumped samples in Figure 4.12 are averages 
for the two samples collected at each station (see Sections 3.6 and 3.7). The LISST sand 
concentration was determined by integrating the LISST volume concentration over the 11 
bins centered on 72 to 302 microns and then converting the volume to a mass concentration 
using the density of quartz sand, 2.65 g/cm3. Only records corresponding to pump sample 
collection times were utilized in the LISST analysis. A very reasonable correlation between 
the LISST and pumped sample concentrations can be seen in Figure 4.12(a) (correlation 
coefficient= 0.72). ABS sand concentration profiles were recorded in 120 bins for each of 
the transducers (2.5 and 5 MHz) by UFL personnel (see section 3.5). A burst average of 
these time series was calculated for each bin. The burst average concentration of the ABS 
bin closest to the intake height was then compared to the averaged pumped sand 
concentration for that station (Figure 4.12(b)). The 2.5 MHz transducer does a better job in 
estimating the pumped sand concentration at the intake height than the 5 MHz transducer 
(correlation = 0.70 and 0.39 respectively). At this time it is unknown what the cause of the 
poor correlation for the concentrations estimated by the 5 MHz transducer. It could possibly 
be a simple miscalculation. Overall, the LISST and ABS measurements confirm the general 
accuracy of the pumped sampling method. This is important because the earlier adjustments 
to OBS response to account for pumped sand size, timing and noise assumed the pumped 
samples to be more accurate than the uncorrected OBS response (see Sections 4.1 to 4.3).
4.5 OBS response to a size dependent model for sand suspension
The fourth objective of this study was to investigate potential methods to infer 
suspended sand grain size under waves based on a combination of velocity and OBS 
measurements utilizing the shape of the profile of the OBS signal. In this section a modified 
Rouse model for sediment suspension is shown to predict suspended sand size distribution 
from an observed burst-averaged OBS profile as long as the shear velocity is known.
The first step in the exploration for of a model to infer sand grain size from the OBS 
signal is implementation of an existing model for size-dependent sand suspension: The
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Rouse model (e.g., Glenn and Grant, 1987; Wright, 1995), which assumes a wave-averaged 
balance between upward turbulent diffusion of sediment and downward gravitational 
settling, is given by:
(4.3)
z dz
where C is sediment concentration, w is sediment fall velocity, and Kz is eddy diffusivity 
(assumed equal to eddy viscosity). Close to the sea bed, Kz can be assumed to follow the 
Law of the Wall, such that eddy diffusivity and viscosity grow linearly with distance form 
the bed:
where k  = 0.41 is von Karman’s constant, u* is friction velocity, and z is elevation above the 
bed. Combining (4.3) and (4.4) and solving for C yields
where C0 is the reference concentration at height z0 and A is known as the Rouse parameter:
The shape of the profile in (4.5) depends on the sediment fall velocity (and therefore grain 
size), with the drop off in concentration with height above the bed becoming stronger as 
grain size increases.
In modeling mean sand concentration profiles in the presence of waves and currents, 
u* is typically given different values above and below the top of the wave boundary layer 
(e.g., Grant and Madsen, 1986). Lee (2000) used acoustic backscatter profiles collected on 
the lower shoreface off Duck, N.C., to invert (4.3) to solve for the vertical structure of Kz
K =ku zZ * (4.4)
c = c 0( d z y (4.5)
^4=W(km+) (4.6)
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over the lowermost meter of the water column. In contrast to classical models for wave- 
current interaction, Lee (2000) found that Kz was well represented by (4.4) between the bed 
and ~30 cm for a given burst using a constant value for u*, i.e., without distinguishing 
between the wave and current boundary layers. Furthermore, Lee found that (4.4) applied 
well under both storm and swell dominated conditions. Thus in this study we fit (4.5) to 
OBS data without attempting to separately resolve the wave and current boundary layers.
Taking the logarithm of both sides of (4.5) and re-arranging terms:
l°g(Q  = ~A *log(^)+[log(Cto) +A *log(zo)] (4.7)
10
10 10
log of concentration (g/l)
10
Figure 4.13 Example concentration profile for station index 11 (Transect 
11 Station 1140) predicted from OBS by the Storm Team
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A best-fit of log(C) vs. log(z) then gives the slope A. If u* is independently estimated, A can 
be used to determine w via (4.6). Well known relations between w and diameter for quartz 
sand (see Figure 3.11) can then be used to solve for grain size. Figure 4.13 displays an 
example best-fit to (4.7) using OBS observations as interpreted by the Army Corps Storm 
Team (STORM CD, 1997). The Storm Team applied a background turbidity cut-off of 5%, 
which was shown in Section 4.1 of this thesis to be reasonable. The absolute values given 
for C in Figure 4.13 are likely to be over-estimates because relatively coarse sand was used 
to calibrate the response of the OBSs (see Section 4.2). An advantage of (4.7) is that A is 
determined only from the shape of the profile, not the absolute magnitude of C. Thus even 
if a consistently inaccurate calibration is applied, a relatively accurate value for A still 
results. For example, if u* were known to be 4 cm/s for the burst in Figure 4.13, the best-fit 
log-log curve in Figure 4.13 would yield w=0.63 cm/s, corresponding to a grain size of 88.5 
microns.
A limitation of equation (4.7) is that it assumes that all the sediment particles at each 
height in the concentration profile are the same size. In reality, there is a distribution of grain 
sizes at each height above the bed, and the distribution skews toward the finer grain sizes as 
the sensor is moved away from the bed. Thus the total concentration due to several size 
classes together will not necessarily correspond to a straight line in log-log space, and a best 
fit of a log-log profile to the total concentration of a mixture of several sizes without 
accounting for the actual range of grain diameters may incorrectly estimate the true D50 
grain size. It was determined using the RSA and LISST data collected throughout the 
experiment that nine logarithmically spaced bins each 0.125 phi wide would be sufficient to 
cover the distribution of grain sizes in suspension (phi= -log2 of size in mm). Based on the 
chosen diameters, nine fall velocities can be predicted by applying Stokes settling law 
modified to account for turbulent drag at larger grain sizes (Dyer, 1986). Here we apply the 
same algorithm for fall velocity as that used by the VIMS RSA software (see Figure 3.11).
A Rouse concentration profile due to the superposition of nine size classes using the 
eddy viscosity formulation in (4.4) is described by the following equation (Glenn and Grant, 
1987):
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C=C„ 2  P m z l z Y M  (4.8)o o'
i =1
where A(i)= w(i)/(Ku*) is the Rouse number corresponding to the fall velocity of the ith size 
class, w(i), and P0(i) is the portion of the reference concentration made up of that size.
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Figure 4.14 Example concentration distribution (station #11 with u* = 4 
cm/sec) at several heights above the bed (z=7.5, 20, 50 and 500 cm). 
The D50 grain size the model predicts decreases as z increases.
Figure 4.14 displays an example of the normal distribution of sizes around the mean 
assumed at the pump intake height and several other heights above the bed as predicted by
(4.8). The curve described by (4.8), however, is not exactly proportional to the backscatter 
profile seen by an OBS array. Since OBS response is inversely proportional to sand grain 
size, an OBS would see (after application of a cutoff percentage to remove background
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turbidity):
i=\ ° d(i)
(4.9)
where d(i) is the diameter of the ith size, dcal is the diameter of the sand used for OBS
calibration, and G is the concentration-to-voltage gain determined for the calibration sample.
If u* is known, (4.9) can be iterated through a series of D50 grain sizes until 
consistency is seen between the observed and modeled OBS profile shapes. In practice, this 
is done by regressing the log of the observed OBS profile against the log of (4.9):
Assuming log(G C0 dcal) to vary only weakly among the individual sensors within the OBS 
profile, log(G C0 dcal) acts as a constant offset for a given burst. A match of the modeled 
grain-size distribution to the observed data occurs when the chosen D50 results in a best-fit 
slope of 1 between observed and modeled OBS profiles. For example, if u* were know to 
be 4 cm/s for the burst in Figure 4.13, and z0 were set to the approximate pump inlet height 
of 8 cm, the best-fit D50 would be 104 microns with a w50 of 0.82 cm/s, which is coarser 
than the single grain-size estimate of 88.5 microns.
In general u* is not well known, so initially a best-fit of (4.10) to an observed OBS 
profile yields an estimate of the best-fit Rouse parameter, A50, which is the Rouse parameter 
corresponding to the as yet unknown D50 suspended sand grain size at the intake height. 
Figure 4.15 and Table 4.4 display the best-fit A50 determined iteratively for each station in 
the data set along with the correlation value of the fit of (4.10) to observations for each case. 
In fitting (4.10), the reference height was set to the observed intake height, and only OBS
log(05S)=log[ (z/zoy A^ io g ( G C odcJ (4.10)
57
Station Index
Figure 4.15 (a) A50 calculated from the u* predicted from mean measured 
D50 grain size (b) corresponding correlation coefficient between the 
measured OBS concentration profile and the predicted OBS concentration 
profile using the A50.
sensors more than 3 cm above the bed were included to avoid cases when near-bed OBS 
sensors might be causing scouring of the bottom and thus elevating the local suspended sand 
concentration. In general the fit between observed Storm Team OBS profiles and (4.10) is 
quite good. A minority of bursts displayed fits with correlations below 0.9).
4.6 Estimating shear velocity: theoretical prediction
Practical application of the modified Rouse model in the previous section requires 
the shear velocity to be known. Lee (2000) applied different relationships for shear velocity 
within A(i) in (4.8) depending on the dominance of waves or mean currents. Theoretical 
relations for shear velocity due to waves or currents will now be presented and applied to
(4.10) to test their ability to predict median grain size.
Table 4.4 Shear Velocity Parameters
Station Index A50 Correlation
Coefficient
current profile
u~c
(cm/sec)
bottom roughness 
Kb'
(cm)
theoretical
l l * W
(cm/sec)
b est-fit 
u*
(cm/se c)
1 0.0143 0.6760 2.26 2.4743 6.58 15.33
2 0.2289 0.9299 1.85 2.6966 7.27 7.54
3 0.2457 0.7924 2.08 2.6757 7.84 6.99
4 0.1635 0.7014 1.83 2.6587 8.42 10.34
5 0.2015 0.8192 1.76 2.6879 8.90 8.67
e 0.2407 0.8301 1.54 3.8302 9.13 7.14
7 0.2095 0.8363 1.38 2.0998 10.46 8.44
8 0.5797 0.9931 -3.29 1.6651 11.39 4.94
9 0.4066 0.9893 1.97 0.1452 5.22 5.20
10 0.4032 0.9855 1.76 0.2492 6.08 5.41
11 0.4039 0.9819 1.99 0.2393 6.35 5.79
12 0.4218 0.9422 1.81 0.3277 6.62 6.39
13 0.6074 0.9683 2.11 0.3853 6.86 5.95
14 0.3367 0.8418 1.25 0.2227 8.23 9.14
15 0.2711 0.9356 -0.31 0.1702 8.83 12.80
16 0.6020 0.9864 1.64 0.0497 3.18 3.70
17 0.4859 0.9877 -1.65 0.0235 3.73 4.46
18 0.5569 0.9871 0.65 0.0193 4.55 4.19
19 0.7381 0.9848 0.30 0.0209 4.71 3.68
20 0.8221 0.9872 -0.35 0.0396 5.51 3.34
21 0.5786 0.9828 0.38 0.0366 5.12 7.09
22 0.4033 0.9675 41.52 0.0143 6.00 10.14
23 0.6346 0.9519 0.88 0.0237 3.03 4.49
24 0.3807 0.8997 0.78 0.0541 3.I9 6.22
25 0.5623 0.9461 0.91 0.0409 3.53 4.26
26 0.6787 0.9548 0.66 0.0354 3.91 4.10
27 0.3410 0.8006 0.24 0.0371 4.17 12.31
28 0.6405 0.9788 0.12 0.0408 4.39 5.12
29 0.9584 0.9865 0.33 0.0488 4.58 3.31
30 0.5037 0.9431 0.10 0.0777 4.56 7.41
31 0.8012 0.9652 0.35 0.0299 5.26 6.33
32 0.3232 0.8751 -1.31 0.0265 5.98 16.03
33 0.1851 0.5025 1.76 0.1286 3.55 10.08
34 0.2846 0.7581 1.92 0.3016 3.65 9.81
35 0.0894 0.1880 1.85 0.2416 4.54 29.92
36 0.2974 0.6716 1.97 0.3171 4.78 6.66
37 0.3645 0.7594 2.32 0.2596 5.09 5.89
38 0.1932 0.4858 1.85 0.3507 5.39 10.82
39 0.3468 0.9258 1.34 0.1657 6.37 7.15
40 1.0610 0.9767 2.13 0.0212 4.36 2.13
41 1.1874 0.9741 2.33 0.0162 4.80 2.53
42 0.8006 0.9711 2.94 0.0225 5.30 3.01
43 1.0808 0.9800 3.59 0.0296 5.80 2.59
44 1.0571 0.9954 4.66 0.0234 6.28 3.10
45 1.1180 0.9882 5.64 0.0474 G.48 3.24
46 0.8981 0.9906 7.20 0.0651 6.77 3.91
47 0.7603 0.9998 7.77 0.1309 7.09 4.77
48 1 .0698 0.9997 1.31 0.0052 5.07 2.70
49 0.8054 0.9996 2.16 0.0054 5.67 4.53
50 0.8369 0.9941 3.50 0.0063 5.95 4.29
51 0.7267 0.9867 -0.09 0.0053 3.03 4.17
52 0.5356 0.9188 0.57 0.0055 3.36 4.45
53 0.8863 0.9663 0.42 0.0063 3.60 2.89
54 1.1055 0.9901 0.41 0.0072 4.77 2.46
55 1.1007 0.9761 1.23 0.0078 4.46 2.51
56 0.6600 0.8625 0.83 0.0093 4.47 4.66
57 0.9115 0.9919 0.44 0.0055 3.37 2.87
58 0.9776 0.9707 41.02 0.0058 3.80 3.22
59 1.3946 0.9768 -0.02 0.0063 4.00 2.10
60 0.7641 0.9897 41.43 0.0069 3.99 3.94
61 0.7078 0.9737 41.30 0.0073 4.64 5.23
62 0.8699 0.9889 -1.04 0.0078 4.96 4.12
63 0.6789 0.9377 0.07 0.0097 4.40 4.29
64 1.0092 0.9221 0.09 0.0095 5.46 3.57
65 0.9935 0.9945 0.50 0.0176 2.54 2.76
66 0.7036 0.9919 0.47 0.0324 2.87 3.90
67 0.9139 0.9878 0.22 0.0384 3.35 3.37
68 0.7585 0.9615 0.20 0.0771 3.42 3.61
69 0.7441 0.9607 -0.14 0.0548 3.59 3.78
70 0.7053 0.8513 0.04 0.2251 3.60 4.89
71 0.6038 0.7562 -1.10 0.0383 4.11 5.29
72 0.7975 0.9255 1.45 0.3221 2.73 4.01
73 0.5109 0.6573 1.00 0.3199 3.34 6.17
74 0.2624 0.3994 0.66 0.2692 4.13 13.89
75 0.7017 0.8947 0.80 0.3559 4.41 3.98
76 0.6415 0.8199 0.91 0.7086 4.48 4.49
77 0.7836 0.8336 0.41 0.3663 5.23 3.77
78 0.7098 0.9727 -2.36 0.1357 6.56 4.28
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Figure 4.16 Example velocity profile (Transect 11, station 1140, station 
index 11)
Under current-dominated conditions (e.g., the current velocity is greater than the 
wave orbital velocity), the current shear velocity determining the concentration profile can 
theoretically be determined from the observed mean velocity profile (e.g. Kundu, 1990; Lee, 
2000). Within the log layer of the mean velocity profile, mean stress remains nearly constant 
with elevation:
^=P(^Z|^ )= P  ulc (4.11)
dz
where Az is eddy viscosity, and u*c is the mean current shear velocity. Assuming Az = Kz 
grows linearly with distance from the bed as in Equation (4.4), (4.11) integrates to
u (z)=— ln(z/z ) (4.12)
K
where zoc is the hydraulic roughness affecting the mean current.
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Figure 4.17 D50 sand grain size predicted using U*c estimated from 
velocity profile and model compared with measured D50.
Rearranging (4.12) into slope-intercept format:
uc=— log(z) -  [_^log(z )] (4.13)
K K
the slope of log z plotted against u will be equal to u *c/ k , and the intercept will be equal to 
the quantity in brackets. Since k  and the slope are known, the friction velocity can be 
estimated directly. An example burst-averaged velocity profile is shown in Figure 4.16 
where the observed slope suggests u*c = -2.0 cm/s. Table 4.4 contains the u*c values 
determined from (4.13), and Figure 4.17 displays the corresponding D50 calculated from 
these u*c values combined with the best-fit A50 values in Figure 4.15. These modeled D50 
values are then compared to the independently measured D50 displayed in Figure 4.11. As 
can be seen, a model for sand grain size based on u*c predicted from the mean velocity profile
seriously under predicts the D50 values actually observed at the intake height.
One possible explanation for the under prediction of the suspended grain size at the 
intake height using u*c may be that wave orbital velocities dominate over the mean current 
velocities and therefore cause the wave friction velocity, u*w, to determine suspended 
sediment concentration instead of the current friction velocity (Lee, 2000). Rms wave orbital 
velocities (Uw) were greater than mean current velocities during four of the transects used in 
the study (transects 11, 13, 14, and 15). These correspond to station indices 9-39 in Figure 
4.18. Here Uw = 2Vl ((ou)2 + (ov)2)'/2 , where ou and ov are the standard deviations of the 
instantaneous across- and along-shore velocities over the course of a burst (Madsen et al., 
1993). If the wave velocities dominate ‘suspended suspension’, the most relevant shear 
velocity is calculated using the following equation(e.g. Nielsen, 1992):
u =J2 U*W v M\
fw (4.14)
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Figure 4.18 Current and rms wave orbital velocities for stations 1-50.
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where fw is the friction factor, and u*w is the wave shear velocity associated Uw. Uw in Figure 
4.18 was measured by EMCM sensor 1253 located 145 cm above the intake height (83 cm 
above the BAH). An increase in Uw was observed along each transect as the SIS moved 
toward shore from the furthest offshore station, with a slight dip seen just landward of the 
offshore bar. This variation in the Uw is the likely explanation for the tendency of the bed to 
naturally sort from larger grain sizes on-shore to smaller grain sizes off-shore.
The friction factor is calculated using the following relation (Swart, 1974):
=exp((5.213— )°194-5.977) (4.15)
a b
where ab is half the wave orbital diameter, and Kb’ is the total bottom roughness. The total
D50 measured 
D50 predicted
10 20 30
Station Index
40 50
Figure 4.19 Predicted D50 sand grain size in suspension at intake height 
using u*w as the shear velocity and z0 = bottom roughness height (Kb’) in 
model (equation 4.10) compared with measured D50.
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bottom roughness is expressed as (Grant and Madsen, 1982):
K ^ K bg^ Kbr (4.16)
where Kbg is the bed grain roughness (=0.5 D), and Kbr is the ripple roughness (= 8r|(r|A,), 
where r\ is the ripple height and X is the ripple wavelength). The ripple roughness is 
calculated using ab and the D50 grain size of the bed following the model of Wiberg and 
Harris (1994). The D50 grain size of the bed at Duck is set to vary linearly with distance 
from 0.02 cm just outside the swashzone to 0.012 cm at the end of the pier based on 
sediment characteristics described by Miller (1999).
Table 4.4 displays and u*w values determined from (4.14)-(4.16) and D50 
calculated from u*w and A50. In Figure 4.19, modeled D50 are compared to the average of 
the independently measured D50 from Figure 4.11. The model for suspended sand size based
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Figure 4.20 Comparison of predicted shear velocities.
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on wave dominance (Equation 4.10) does a better job in predicting the D50 grain size at the 
intake height for stations 9-39 (Figure 4.18) than using the current shear velocity (Figure 
4.17). Both the wave and current shear velocities over-estimate the grain size for station 
indices 40-50 where the current velocities dominate wave orbital velocity (Figure 4.18).
Neither of the above relations for u* allows us to predict the subtle changes in grain 
size along the individual transects. For example, even the “better” model using u*w over 
predicts grain size seaward and under predicts grain size shoreward of the offshore. This may 
be because factors other than bottom roughness, wave period, and wave orbital velocity 
contribute to the overall turbulent intensity which keeps sand in suspension. In order to 
better understand what controls u*, best-fit estimates of u* were determined by combining the 
best-fit A50 values in Table 4.4 with the independently measured D50 grain sizes given in 
Table 4.3 to solve for u*. The best-fit u* values show more variability along the transect
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Figure 4.21 The best-fit u*, predicted from A50 and D50, plotted against 
the associated current velocity displays a change in behavior when the 
mean current, uc is > 63 cm/sec.
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than either the u*w or the u*c values calculated above (Figure 4.20 and Table 4.4), possibly 
as a response to bottom morphology or other poorly constrained effects on turbulence.
Plotting the best-fit u* against the associated current velocity for each station indicates 
a change in the behavior of u* when the mean current, uc, is greater than about 63 cm/sec 
(Figure 4.21). Above uc = 63 cm/s, u* appears to increase with uc; when uc is lower, the 
relation is weaker, and u* is inversely related to uc. There are several parameters which may 
affect the best-fit u*, including water depth, bottom roughness, rms wave orbital velocity, 
wave height, and wave period. Wave period, bottom roughness and rms wave orbital 
velocity are known to be important in determining the friction factor which affects shear 
velocity. In addition, water depth and wave height affect the way waves break and, in turn, 
the shear velocity within and adjacent to the surf-zone. To test the potential statistical 
significance of these various factors, two stepwise multiple regression models for u* were 
applied: one for stations with current velocity greater than 63 cm/s and the other for stations 
with current velocity less than 63 cm/sec.
The stepwise regression technique as described by Draper and Smith (1966) was 
used to choose which variables to include in the multiple regression models for u*. The 
forward stepwise regression was started with one independent variable in each model: 
current velocity for uc>63 model and rms wave orbital velocity for uc<63 model. One by 
one, additional variables were added to each multiple regression and retained in the 
regression as long as they remained individually significant at the 90% confidence level. In 
an effort to optimize the models, only stations among the first 50 with OBS profile 
correlations greater than 0.9 were included (see Table 4.4). The last 28 stations were not 
included because of noise shown to be present in the OBS bursts (see Section 4.3).
For uc<63 cm/sec, the stepwise procedure starting with the rms wave orbital velocity 
(Xj) identified two other significant parameters: current velocity and bottom roughness ( X2, 
and X3 respectively). The resultant multiple regression model:
u*modei (u c< 6 3 > - 2 3 l + 0 - u 3 x 1-0 .029X2+2.54A3 (4.17)
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Figure 4.22 Comparison of shear velocity predicted using the multiple 
regression models with the best-fit shear velocity.
was significant with the following statistics: RMSE=2.29, r2=0.52, F=7.14 and p=0.0019. 
The relative sensitivity of the u* model to the three components in the right hand side of 
(4.17) can be illustrated via their standard deviations when using observed values for X l9 X2 
and X3. The resulting standard deviations were a, = 2.7 cm/sec, a2 = 1.0 cm/sec and o3 = 2.0, 
indicating u* model is most sensitive to X! (rms wave orbital velocity) and least sensitive to 
X2 (current velocity).
When the currents were greater than 63 cm/sec, the stepwise procedure starting with 
current velocity (Xj) identified water depth and wave height ( X2, and X3 respectively) to be 
the additional significant parameters. The resultant multiple regression model expressed:
u*modei(uc>63) =7.37 +0.0345X, +0.548X, -6.48X3 (4.18)
was significant with the following statistics: RMSE=0.460, r2=0.84, F=13.5 and p=0.0017. 
The resulting standard deviations for this model for X,, X2 and X3 were a, = 1.2 cm/sec,
[" model u* 
i best-fit u*
I \ H i
A A
A  \
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o2 = 0.84 cm/sec and a3 = 2.2, indicating u* model is most sensitive to X3 (wave height) and 
least sensitive to X2 (water depth). Figure 4.22 compares the best-fit u* values derived 
directly from the OBS profiles and the stepwise regression models for u*, termed u*model . 
Finally, (4.17) and (4.18) were used in combination with the A50 values from (4.10) to 
predict the D50 in suspension at the pump intake height (Figure 4.23).
Together, equations (4.17), (4.18) and (4.10) allow for an estimation of the grain size 
distribution over 9 bins (0.125 phi each) at a reference height similar to the inlet height 
utilizing only parameters readily available at the FRF. Equation (4.8) can then iteratively 
be used to estimate the suspended sand size distribution at other heights in the concentration 
profile. The model (equations 4.17 and 4.18) could be improved with better understanding 
of what parameters affect the shear velocity. The parameters tested here were limited and 
there appears to be other parameters needed to explain the variations in the u* not predicted
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Figure 4.23 Predicted sand D50 grain size in suspension at the intake 
height predicted using u*mode, and (4.10) compared with measured D50. 
Predictions less than 100 microns were set to 100 microns.
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by the models, especially in wave dominated cases (4.17) or where rms wave orbital 
velocities are on the same order as the current velocities but less than 63 cm/sec (for 
example: stations 33-38). In (4.17), u*model increases with greater rms orbital velocity, which 
is consistent with theoretical models for u* (Grant and Madsen, 1986). The increase in u* 
with bottom roughness in (4.17) and with current velocity in (4.18) are also consistent with 
expectations. The decrease in u* with waveheight is consistent with the results of Lee (2000), 
who suggested strong currents prevent wave induced vortices generated at the bed from 
penetrating far up into the water column. Another possibility could be that the SIS itself may 
stir up sediment by providing a source of turbulence as waves shed vortices off the large 
instrument array. The suspended sediment (and large u*) are apparent when the currents are 
too weak to immediately advect away the additional turbulence generated by the SIS 
instrument frame.
4.7 Step-by-Step method to correct OBS records for estimating sand concentration
One of the major objectives of this study is to recommend a practical method to 
correct OBS observations in the nearshore for variable grain size using only electronic 
instrumentation routinely mounted on the SIS, such as current meters and altimeters, and not 
require direct pump sampling. The following method based on the findings of this study will 
produce an improved estimation of the sand concentration at the each of the sensor heights 
within the concentration profile, accounting for the sensitivity of OBS response to 
background turbidity, sand grain size and noise.
1. Order the voltage response record within each OBS burst from highest to lowest and 
find the voltage response that corresponds to the 5th percentile from the lowest. 
Subtract this “cutoff’ value from all the records in the burst to remove the effects of 
background turbidity on the OBS response due to fine sediment (see Section 4.1).
2. Use gain from sand calibration curves generated for each sensor to convert the
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remaining OBS voltage response into mass concentration (see Section 3.2). 
Calculate the burst-averaged concentration.
3. If “noise” is present in the OBS records (detectable as an -40 sec oscillation 
throughout the burst — see Section 4.3 and Figure 4.10), one promising method for 
removing the noise is to find the minimum burst averaged concentration for each 
sensor from among the series of bursts during which time the noise was observed. 
Verify that this is a burst during a time when there was little sand in suspension. If 
there is evidence of sand in suspension use only a portion of the burst where there is 
little or no sand in suspension and calculate an average “concentration” due to noise 
for that time period of the burst. Subtract 75 percent of this “lowest” burst average 
or lowest partial burst average from each of the burst averages from that sensor 
during the period of noise. Repeat for each sensor. (75 percent is suggested because 
the noise removed in Section 4.3 for the 5% cutoff case corresponds to about 75 
percent of the lowest burst averaged concentration inferred by the Storm Team 
during the “noisy” period.)
4. Use equation (4.10) and the concentration profile from the OBS cluster at each 
station to iteratively predict A50, the Rouse parameter corresponding to the D50model 
sand grain size at a reference height of 11 cm (which is close to the average intake 
height in Table 4.1).
5. Predict the u* value governing sediment suspension using the multiple regression 
models (Equations 4.17 and 4.18 in Section 4.7) which use the burst-averaged current 
and rms wave orbital velocities, station water depth, modeled bottom roughness and 
wave height as inputs. The current and rms wave orbital velocities can be estimated 
from a calibrated EMCM located on the SIS. The water depth can be estimated using 
SIS lead line data corrected by adding the observed tidal variation reported by the 
FRF (FRF, 2000). The bottom roughness can be estimated as described in Section
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4.6 using the Wiberg and Harris (1994) model and estimated station bed grain 
roughness based on Miller (1999). Observations reported by the FRF (FRF, 2000) 
can be used to estimate the wave heights.
6. Combine the best-fit A50 with the modeled u* from step 5 to solve for D50modeI for 
each burst. Then for each burst use D50modei as the peak of a normal distribution of 
grain size in 9 equally spaced bins of 0.125 phi each and z0= 11cm in equation (4.8) 
to predict the percent sand size distribution at each sensor height. Observations 
suggest D50 at z0 is always within the range of 100 to 200 microns. Thus it makes 
sense to set D50model to a minimum of 100 or a maximum of 200 microns if the 
prediction falls outside this range. It also may make sense to smooth D50modei in 
space and time using D50modei from adjacent stations.
7. Finally, adjust the noise-corrected Storm Team concentrations for differences in size 
distribution between the calibration sample and what is predicted to be in suspension 
at the sensor height. This size-correction is done by multiplying the output from step 
3 at each sensor height by the correction factor in equation (4.2), where Pn is the 
percentage of sand in the nth size class (n=9), Dn is the diameter of the nth size class 
calculated in 6 above, and the subscript C indicates the corresponding percentages 
for the RSA size distribution of the sample used to calibrate the sensors (see section 
4.2).
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5. Summary and Conclusions
Table 2.1 summarizes the advantages and disadvantages of the various independent 
methods for determining suspended sand grain size and concentration explored in this study. 
Each have strengths and weaknesses, and in specific regimes each may be a better choice. 
But the OBS appears to be a logical choice for determining suspended sand concentration 
in the often energetic nearshore zone at Duck, N.C., and other similar sites. The OBS is 
rugged, relatively unobtrusive, inexpensive and easy to operate and maintain. OBSs are not 
susceptible to bumps like the LIS ST which could throw the laser out of alignment. The 
LISST is reliable on a stable platform, such as on the towbar of the SIS with the flow through 
chamber, although in-situ deployment in a less energetic regime would provide better results. 
The LISST deployed on the towbar of the SIS relies on constant maintenance of the pumps 
to provide the best representation of suspended sediment at the intake height possible, which 
is labor intensive and thus costly. Still more cost-prohibitive is the processing of additional 
pumped samples for sand grain size distribution and sand and fine concentrations. Both of 
these methods are also limited to the intake height for concentration estimates. ABS sensors, 
on the other hand, are able to provide a complete concentration profile with the deployment 
of a single instrument. But ABS sensors experience more serious interference than OBSs 
from air bubbles when waves begin to break.
The major problem with the OBS is its sensitivity to grain size. The 5 major 
objectives of this study address this problem and suggest a method for correcting the OBS 
response to produce a better estimation of suspended sand concentration. The first objective 
of the study was to test the “cutoff’ method utilized by the STORM team for the removal of 
background turbidity in the form of fine sediment (<63 micron) concentration from the OBS 
voltage response. Data collected during this experiment showed fine suspensions are 
relatively uniform over moderate space (the FRF pier) and time scales (<4 hours) (Battisto 
et al, 1998). The fines move through the study area as a fine cloud, causing a constant offset 
over the course of an OBS burst. This constant offset allows sand and fine concentrations 
to be determined simultaneously from a single OBS time series. The offset can be identified
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and removed by ordering the records of the burst and subtracting a percent cutoff value from 
the record. The study showed the best “cutoff value was between the one to five percent. 
Because results were relatively insensitive to the precise cutoff percentage, the 5% value 
currently being used by the STORM team works well.
The second objective of the study was to examine the impact of the grain size 
variation withing the sand size range (and other potential sources of error) on OBS 
measurement under waves. Calibrated OBS response was found to be consistent with 
pumped sand concentration as long as corrections were made for (i) the varying size of 
suspended sand, (ii) the precise time of pump sampling and (iii) apparent noise in the OBS 
records. Correction for the smaller size of suspended sand (average RSA D50 sand grain 
size = 120  microns) relative to that used during calibration (D50 sand grain size = 227 
microns) decreased OBS estimates of sand concentrations by about 42%. Accounting for 
noise present in OBS bursts decreased the concentration estimates by about 0.04 to 0.2 g/L 
(as much as 80% of the size and time corrected concentration when the noise levels were 
high). Direct correction based on pump sampling could arguably be made only for sensors 
located close to the pumped sample intake height (sensor 4007 for stations 1-50 and between 
sensors 4007 and 4037 for stations 51-78). To apply this method directly to all the OBSs, it 
would be necessary to pump and process samples at heights corresponding to all the other 
OBSs on the SIS. With as many as 12 OBS sensors mounted on the SIS during deployment 
that would mean pumping from 12 intake heights and processing 12 times as many samples 
for each station. Since this would be extremely time consuming and costly, other methods 
to infer suspended sand grain size under waves utilizing the vertical and temporal variability 
in the OBS signal were investigated.
The third objective of the study, before development and testing various methods for 
correcting OBS without pumping, was to test for consistency among direct pump sampling, 
LISST and ABS methods in terms of suspended sand concentration and median sand size. 
The D50 sand grain size estimated by the LISST was found to have a better correlation with 
the pumped sample RSA analysis than the D50 grain size (based only on offshore location) 
used by UFL for the calculation of ABS sand concentrations. The correlation between the
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LISST suspended sand concentration at the intake height and the average of the 
concentrations found from the pumped samples was 0.72. The ABS concentration at the 
intake height had a similar correlation of 0.70 for the 2.5 MHz transponder.
Having established a greater degree of confidence in the independent measures of 
sand grain size and concentration in suspension, the fourth objective could be addressed: 
namely to investigate potential methods to infer suspended sand grain size under waves 
utilizing vertical and temporal variability in the OBS signal. Applying the Rouse model and 
the Law of the Wall, the shape of the concentration profile was shown to depend on the 
Rouse parameter, A= m V ku* , where w is the fall velocity, k=0.41 is von Karman constant, 
and u* is the shear velocity. The Rouse parameter controls the shape of the concentration 
profile, with the profile dropping off with height more rapidly as A increases. The Rouse 
parameter can be estimated from the slope of a log-log plot of the burst-averaged 
concentration profile. Knowledge of u* then allows for the estimation of the fall velocity and 
corresponding grain size at the intake height.
In reality, there is a distribution of grain sizes at each height above the bed and that 
distribution skews toward the finer grain sizes as a sensor is moved away from the bed. 
Furthermore, OBS response is inversely proportional to the sand grain size in suspension. 
Thus a modified version of the Rouse equation was applied which accounts for a distribution 
of grain sizes and the grain size effect on OBS response. RSA data suggested a distribution 
of 9 bins (0.125 phi each) was adequate to realistically represent the distribution of sand in 
suspension. Iteration was then used to solve for the best-fit multiple grain size Rouse 
parameter, A50, corresponding to D50 at the pump intake height. If u* were also known, 
A50 would give W50 and, therefore, D50. Unfortunately u* is not known a priori and must 
be estimated before a prediction of the D50 grain size and its associated distribution can be 
made.
Theoretical models to predict current shear velocity, u*c , and wave shear velocity, 
u*w, were explored. The current shear velocity, u*c , was calculated based on the law of the 
wall, using the slope of semi-log velocity profiles measured by EMCMs mounted on the 
SIS. When observed u*c was used with A50 to estimate the D50 grain size at the intake
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height, it seriously underestimated the independently observed grain size, especially when 
waves dominated the mean current. The wave shear velocity, u*w ,was then estimated using 
the friction factor formulation of Swart (1974) and the ripple roughness model of Wiberg and 
Harris (1994). When u*w was used with A50 to estimate D50, it did a fair job when the 
waves dominated but overestimated D50 when currents dominated.
Since neither theoretical model for u* adequately reproduced D50, an empirical model 
was developed by statistically reproducing the “best-fit” u*= W 50/(k A50), where W50 is 
calculated from the pumped D50. When the best-fit u* was plotted against current velocity, 
uc, a change in behavior of u* was seen when the currents became greater than 63 cm/sec. 
Above 63 cm/sec u* appeared to increase linearly with current velocity. When uc was lower 
than 63 cm/sec, u* appeared to be less strongly and inversely related to uc.
To get a better understanding of what parameters affect the shear velocity, two 
multiple regressions, one for stations with uc >63 and the other for uc<63, were performed 
between the best-fit u* and various parameters routinely measured by the FRF. For uc > 63 
cm/sec, current velocity, water depth and wave height were found to be significant. For uc 
< 63, rms wave orbital velocity, current velocity and bottom roughness were significant. The 
empirical models based on the statistically significant forcing parameters did a reasonably 
good job of reproducing both the “best-fit” shear velocity and when combined with A50, the 
pumped values for D50 as well. However, there are still unexplained variations that the 
empirical model does not match.
Further study needs to be done to get a better understanding of the behavior of the u*. 
The extensive database that has been collected by the STORM team over several storms with 
different conditions could provide many more data points than were available for this study. 
Several parameters could be explored to see their affect on u*: (i) Current speed and direction 
and the interaction of the current with the waves as suggested by Grant and Madsen (1986) 
(ii) Wave height and conditions including angle of waves with beach and breaking point 
along the transect because breaking is expected to add turbulence to the water and thus 
increase u*. (iii) Large roughness features such as megaripples, the number of bars present, 
and artifacts from previous conditions. The parameters used in this study could also be
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reviewed in more detail. With more data points the criteria could be broken into more 
categories than just greater and less than 63 cm/sec. An additional category could be when 
currents are on the same order as waves. Further investigation is also needed as to whether 
bed scour due to the SIS itself may cause sediment suspension which then dominated OBS 
response when mean currents are weak.
The final objective of this study was to develop a step-by-step method to correct OBS 
records for estimating sand concentration. The method presented in the final section of the 
discussion (1) removes the effects of background turbidity and converts the remaining OBS 
voltage response, (2) removes instrument noise from the OBS burst, (3) uses the shape of 
OBS profiles along with modeled roughness and depth to estimate suspended sand size, and 
(4) uses the predicted sand size to adjust for differences between the size of calibration 
samples and what is predicted to be in suspension at the OBS sensor heights.
Step (3), the method for estimating grain size from OBS profile shape, is still 
somewhat cumbersome and noisy. Estimates of suspended sand size used by the ABS are 
generally consistent with pump sand size and suggest a simple relationship between 
suspended sand size and distance from shore may account for much of the observed 
variability. If this is the case, OBS response may be corrected more practically by assuming 
a unique relation between suspended sand size and distance offshore. Future work could 
include closer examination of ABS data to determine if sand size estimated by acoustic 
methods alone is also consistent with estimates based on distance offshore and RSA and 
LISST measurements.
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